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It has been found that human erythrocytes can 
be stored in the presence of glycerol at below-freez- 
ing temperatures for long periods of time (1) and 
that subsequently they can be successfully trans- 
fused (2). The development of a method (3) 
which permits the transfusion of thawed erythro- 
cyte-glycerol mixtures, without completely re- 
moving the glycerol, has led to the present in- 
vestigation, whose aim was to determine the ef- 
fects of the intravenous administration of glycerol 
solutions and particularly to determine whether 
glycerol can be safely administered intravenously 
to human subjects. 

The glycerol molecule is a part of the neutral 
fat (triglyceride) molecule and is, therefore, a sub- 
stance which animals and humans normally metab- 
olize. It is known that glycerol is converted by 
the liver to glycogen and other carbohydrates (4). 
Several studies have shown that large quantities 
of glycerol can be administered orally to experi- 
mental animals and man without the appearance of 
adverse effects (5-8). However, there have been 
reports that the parenteral administration of 
glycerol to experimental animals has been followed 
by hemoglobinuria (9-11), hypotension (5, 12), 
central nervous system disturbances (12, 13), and 
weight loss (14). In the only reported instance of 
the parenteral administration of glycerol to man, 
no toxic effects were noted after the administra- 
tion of very small quantities via artery or vein 
(15). In most cases where toxic effects have 
been reported to follow the parenteral administra- 
tion of glycerol, the toxic effects have been more 
frequent and more pronounced after subcutaneous, 
than after intravenous administration. 

The present investigation deals with the in- 
travenous administration of glycerol solutions to 
the rabbit, the dog and to man. The results of this 


1Supported by a grant (H-1220) from the National 
Heart Institute, National Institutes of Health, United 
States Public Health Service, Department of Health, 
Education and Welfare. 


investigation show that a considerable quantity of 
glycerol in a relatively dilute solution containing 
electrolyte can be administered intravenously to 
man without producing any noxious effects. 


MATERIALS AND METHODS 


Glycerol solutions. Merck analytical reagent grade 
glycerol was used directly without further purification. 
Solutions containing approximately 5 per cent glycerol, 
5 per cent glucose, and 0.9 per cent sodium chloride were 
used for the human infusion studies, because these are 
the approximate concentrations of these substances in 
the erythrocyte-glycerol mixture which is produced when 
a previously frozen erythrocyte-glycerol mixture is pre- 
pared for transfusion (3). This solution was prepared 
by adding 50 Gm. of glycerol to 1,000 ml. of sterile 5 
per cent glucose in 0.9 per cent sodium chloride solu- 
tion and then autoclaving the solution for 20 minutes at 
15 Ibs. steam pressure. For the experiments with rab- 
bits and dogs, solutions of this same composition as well 
as others described below were used. 

Rabbit experiments. Unanesthetized albino rabbits 
weighing between 2 and 3 Kg. were used. Solutions 
containing approximately 5 per cent glycerol in addi- 
tion to electrolyte and glucose were infused via an ear 
vein. Rectal temperatures were measured before, dur- 
ing and after each infusion. Samples of urine voided 
during the course of the infusion, and the first urine 
voided after the infusion were collected in each case. 
In some cases, samples of urines which were voided on 
the following day were also collected. All urine samples 
were tested for the presence of hemoglobin by the 
benzidine test (16). 

In two experiments, blood samples from an incised 
ear vein were collected in a tube containing heparin for 
the determination of plasma hemoglobin concentrations. 
Samples were obtained before infusion, when 10 per cent 
and 90 per cent of the solution had been infused, and 30 
minutes and approximately 20 hours after the completion 
of the infusion. The blood samples were promptly cen- 
trifuged, plasma was removed and the hemoglobin con- 
centration measured as described below. 

In all experiments, the animals were carefully ob- 
served during the infusion period and for a short time 
thereafter for the appearance of muscle tremors, ab- 
normal pupillary reactions or any behavior which might 
indicate central nervous system irritation. 

Dog experiments. Dogs were anesthetized with pen- 
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tobarbital (35 mg. per Kg.) and kymographic recordings 
of respiration and arterial blood pressure (from a can- 
nulated carotid or femoral artery) were made. Solu- 
tions of various glycerol concentrations were infused 
via a cannulated femoral vein. Urine samples were col- 
lected during the course .of the experiment and were 
tested for hemoglobin. 

To determine whether the effects observed might be 
due to actions on the central nervous system, glycerol 
solutions were injected directly into a carotid artery, 
both before and after cutting the vagus nerves. Injec- 
tions were also made into the descending aorta via a 
polyethylene catheter which had been inserted into the 
left carotid artery and advanced down the aorta to about 
the level of the diaphragm. 

Human experiments. Hospitalized patients who were 
in a stable state and showed no functional abnormalities 
of their cardiorespiratory, urinary or central nervous 
systems were infused intravenously with the glycerol 
solution. Nearly all the human subjects had malignant 
disease and were considered to have quite limited life 
expectancies. In each case, 1 L. of solution containing 
50 Gm. of glycerol, 50 Gm. of glucose and 9 Gm. of so- 
dium chloride was infused, except that in a few cases the 
salt was omitted. The duration of the infusion varied 
from three to six hours. 

Immediately prior to infusion, pulse rate, respiratory 
rate, blood pressure, and oral temperature were meas- 
ured. During the course of the infusion, pulse rate, 
respiratory rate and blood pressure were measured every 
15 minutes for the first hour and thereafter every 30 min- 
utes and again shortly after completion of the infusion. 
Temperature measurements were made at least twice 
during and once after completion of the infusion. The 
patients were carefully observed for any change in 
status, and were asked if they experienced any unusual 
sensations during the course of the infusion. A urine 
sample was obtained before the start of the infusion, and 
one or more samples were obtained during its course, 
and the first urine voided following the administration 
of the glycerol solution was collected. In a few cases, 
samples of urine voided on the morning following the 
infusion were collected. All urine samples were tested 
for hemoglobin by the benzidine test. 

In four cases, venous blood samples were carefully 
drawn into syringes which had been wet with heparin 
solution. In each case a blood sample was obtained prior 
to infusion, another just before completion of the infu- 
sion, and a third sample seven hours after completion. 
The samples were promptly centrifuged, plasma was re- 
moved, and the hemoglobin concentration of each plasma 
sample was measured as described below. 

Determination of hemoglobin in plasma. Oxyhemo- 
globin has a strong optical absorption maximum at 414 
my, which conveniently permits the detection and estima- 
tion of low concentrations of hemoglobin. To correct 


for the variations among plasma samples in nonspecific 
optical absorption, due mostly to opalescence, optical 
densities were measured at 365 mu, as well as at 414 mu. 
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It was found that the difference between the optical den- 
sities at 414 mu and 365 mu was a linear function of 
hemoglobin concentration in the range of 0 to 20 mg. 
hemoglobin per 100 ml. of plasma. A working curve 
was prepared by determining this difference for samples 
of plasma to which known quantities of hemoglobin had 
been added. This method was not exhaustively tested, 
and is not proposed at the present time as a generally 
applicable method. It may, in the presence of interfering 
substances, be subject to positive errors but is quite 
unlikely to be subject to appreciable negative errors. A 
few of the plasma samples were analyzed by both this 
spectrophotometric method and by a chemical method 
(17), and the results obtained by the two methods were 
in good agreement. 

The measurements were carried out in the following 
manner. To 2.0 ml. of buffered (pH 7.4) saline solution 
was added 1.0 ml. of the plasma sample and the mixture 
was well mixed. Optical densities were then measured 
in a 10 mm. Corex cell at 414 my and 365 mw using a 
Beckman model B spectrophotometer. From the dif- 
ferences in optical densities at these two wave lengths, 
the hemoglobin concentrations of the plasma samples ob- 
tained during and after the infusion were calculated and 
expressed as increases over that of the preinfusion plasma 
sample. 


RESULTS 
Rabbit experiments 


Six experiments with unanesthetized rabbits 
were performed in which the solutions adminis- 
tered contained 5 Gm. each of glycerol and glucose 
and 0.9 Gm. sodium chloride per 100 ml. The 
quantities infused varied from 120 ml. to 175 ml. 
per rabbit, and were administered during periods 
varying from 60 to 90 minutes. No evidence of 
central nervous system irritation or any abnormal 
behavior was observed in any case. An elevation 
of rectal temperature of 1 to 2° F. occurred in two 
cases, but these returned to preinfusion levels 
within two hours after infusion. The rabbits 
urinated copiously and all urine specimens were 
found to be free of hemoglobin. The rabbits were 
normally active immediately following the fluid 
administration and remained so. There was no 
evidence of any harmful effect having been caused 
by the intravenous administration of the glycerol- 
containing solution. 

In two additional experiments, 80 ml. and 100 
ml., respectively, of the same 5 per cent glycerol 
solution were infused during a period of approxi- 
mately one hour. Plasma samples were obtained, 
and their hemoglobin concentrations were deter- 
mined as described above. In both rabbits, the 
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GLYCEROL SOLUTIONS 
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. Five per cent glycerol-5 per cent glucose-0.9 per cent NaCl solution at 20 ml. per minute. 
. Same solution as in A, 20 ml. in 15 seconds. 

. Twenty per cent glycerol-0.9 per cent NaCl solution, 10 ml. in 10 seconds. 

. Same solution as in C, 20 ml. in 15 seconds. 

Fifty per cent glycerol-0.9 NaCl solution, 10 ml. in 10 seconds. 

. Nine-tenths per cent NaCl solution, 20 ml. in 15 seconds. 

. Five per cent NaCl solution, 20 ml. in 20 seconds. 


Vagus nerves were cut between G and H. 


H. Fifty per cent glycerol-0.9 per cent NaCl solution, 20 ml. in 20 seconds. 


se 


plasma hemoglobin concentrations of the samples 
taken near the end and shortly after infusion were 
higher than the preinfusion level by 5 mg. per 100 
ml. The samples taken near the beginning of the 
infusion and on the following day had hemoglobin 
concentrations which were not measurably differ- 
ent from the preinfusion levels (differences not 
greater than 2 mg. per 100 ml.). 


Dog experiments 


Three experiments with dogs under pentobarbi- 
tal anesthesia were carried out. In one case, 50 
ml. of the 5 per cent glycerol-5 per cent glucose-0.9 
per cent sodium chloride solution was injected in- 
travenously during a 15 minute period prior to 
administration of pentobarbital. No signs of cen- 
tral nervous system irritation or abnormal be- 
havior were observed following this injection. 
The infusion in a 12 Kg. anesthestized dog of a 
total of 200 ml. of this solution, during a 50 min- 
ute period caused no change in blood pressure or 
respiration. The administration of this solution 
at the rather rapid rate of 20 ml. per minute had 
no significant effect on blood pressure or respira- 
tion, The infusion of 20 ml. of this solution in 15 
seconds caused a small drop (about 16 mm.) in 


Same solution as in H, 4 ml. into carotid artery. 
. Same solution as in H, 10 ml. into descending aorta. 


blood pressure which returned to its previous 
level in less than one minute. Infusion of 0.9 per 
cent sodium chloride solution at this same rapid 
rate had no effect on blood pressure. These ef- 
fects are shown in Figure 1, items A, B and F. 

The infusion of 20 per cent glycerol-0.9 per cent 
sodium chloride solution at the rate of about 6 ml. 
per minute caused no change in blood pressure or 
respiration. Giving 10 ml. in 10 seconds caused 
a small transient drop (10 mm.) in blood pressure 
and infusion of 20 ml. in 15 seconds caused a sharp 
drop (50 mm.) in blood pressure which returned to 
its previous level in about one minute (Figure 1, 
Cand D). There was also an increase in respira- 
tory rate. Similar effects of somewhat smaller 
magnitude occurred when 20 per cent glycerol in 
water was infused. When 50 per cent glycerol-0.9 
per cent sodium chloride solution was infused at 
the rate of 2 ml. per minute, small fluctuations in 
blood pressure were observed and when 10 ml. 
was infused in 10 seconds, blood pressure rapidly 
dropped 60 mm., respiratory rate increased mark- 
edly, and both returned to previous levels in about 
two minutes (Figure 1, E). 

To determine to what extent the effects ob- 
served with these glycerol solutions might be due 
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to their hypertonicity, 5 per cent sodium chloride 
was infused intravenously. It was found that in- 
fusion of this hypertonic saline at the rate of 4 ml. 
per minute had no effect, and that 20 ml. given in 
20 seconds produced a slight and relatively slow 
reduction in blood pressure (Figure 1, G). 

The injection of glycerol solution, directly into 
a carotid artery of the dog with vagus nerves either 
intact or cut, had no significant effect on blood 
pressure or respiration. In a dog with cut vagus 
nerves, the intravenous infusion of a 50 per cent 
glycerol solution produced a sharp drop in blood 
pressure, similar to that produced in the dog with 
intact vagus nerves except that in the former case, 
the return of the blood pressure to its previous 
level was considerably slower (Figure 1, H and I). 

In one dog with vagus nerves cut, the injection 
of glycerol solution was made into the descending 
aorta, via a polyethylene catheter which had been 
inserted in the left carotid artery and advanced 
till its orifice was at about the level of the dia- 
phragm. The injection here of 10 ml. of 50 per 
cent glycerol in 0.9 per cent sodium chloride solu- 
tion produced a sharp drop in blood pressure 
which slowly returned toward the previous level 
(Figure 1, J). 

Urine specimens collected at various times dur- 
ing the experiments with the dogs were all found 
to contain no hemoglobin. 


Human experiments 


Each of a series of 12 patients was given intra- 
venously 50 Gm. of glycerol in a liter of solution. 
The observations made on these patients, both 
prior to and during the course of the infusions, 
are listed in Table I. It can be seen that, in most 
cases, blood pressure was little changed from the 
preinfusion level during the course of the infusion. 
In a few cases, there was a small rise in blood 
pressure, but no more than might be expected 
from the relatively rapid intravenous administra- 
tion of any considerable amount of fluid to a group 
of older patients. In no case was there any change 
in cardiac or respiratory rate of appreciable mag- 
nitude. Body temperature showed no appreciable 
change, which might have been due to a reaction to 
the glycerol, for in no case was there an elevation 
of temperature of more than one degree. A small 
rise in body temperature might be expected as a 
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result of the metabolism of the administered 
glycerol and glucose. Occasional small tempera- 
ture elevations, which are probably due to pyro- 
gens, are not unusual in any series of intravenous 
injections. 

In most cases the infusions were entirely un- 
eventful, insofar as subjective reactions are con- 
cerned. One patient remarked about a transient 
generalized feeling of warmth, another of nasal 
stuffiness of short duration, and another that her 
legs felt cold for a few minutes. There was no 
occurrence of headache, visual symptoms or diz- 
ziness. No cardiac irregularities were observed. 
That the infusions were completed without serious 
incident is indicated by the fact that in no case 
was it necessary to discontinue or interrupt the 
infusion before its completion. There was no 
complaint of pain at the site of injection, and no 
thrombosis of the veins which were used was 
noted. 

In most cases, a moderate diuresis resulted 
from the infusions. In each case, one or more 
urine specimens were collected both during and 
after the infusion, and in some cases on the fol- 
lowing day. All urine specimens in all cases were 
found to contain no hemoglobin. 

Four additional patients were infused with a 
liter of solution containing 50 Gm. of glycerol in 
the same manner as were the other patients, ex- 
cept that samples were obtained for the deter- 
mination of plasma hemoglobin concentrations. 
Two of the patients received solutions containing 
the glucose (5 per cent) and sodium chloride 
(0.9 per cent) as well as the glycerol, while in the 
other two cases, the sodium chloride was omitted. 
In all four cases, the subjective and objective reac- 
tions of the patients to the infusions were not 
significantly different from those observed with 
the other patients. The plasma hemoglobin con- 
centrations of the samples taken just before com- 
pletion of the infusions were higher than the pre- 
infusion values by 3 and 8 mg. per 100 mil. in 
the two cases where the solutions infused con- 
tained salt, and by 4 and 10 mg. per 100 ml. in the 
two cases where the solutions did not contain 
salt. In all four cases, the plasma hemoglobin 
concentrations of the samples obtained seven hours 
after the infusion were not measurably different 
from the preinfusion levels. 

In Patient 3, who had a pneumonitis and whose 
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TABLE I 


Intravenous administration of glycerol solutions* to human subjects 








Dura- Blood pressure 


Temperature (° F.) Pulse rate Respiratory rate 





Patient, tion of : 
description and infusion Before During 
diagnosis (hours) infusion infusion 


Before During Before During Before During 





rs 


. 55 yr. male 6 90/70 98/70-105/75 
95 lIbs., 
parotid 
carcinoma 


. 75 yr. female 5 145/85 145/80-155/90 
110 lbs., 
mammary 
carcinoma 


. 66 yr. male 6 120/80 120/70-140/80 
120 lbs., 
pancreatic 
carcinoma 


41 yr. female 6 124/78 114/64-124/78 
118 lbs., 

colon 

carcinoma 


. 75 yr. female 4 116/60 108/54-116/60 
105 Ibs., 
pancreatic 
carcinoma 


. 39 yr. female 6 118/90 110/78-130/80 
110 Ibs., 
mammary 
carcinoma 


. 56 yr. female 4 110/60 108/66-116/60 
83 Ibs., 
stomach 
carcinoma 


. 60 yr. female 3} 130/70 128/70-146/88 
170 lbs., 
malignant 
melanoma 


. 66 yr. female 4 90/70 88/70-116/74 
135 lbs., 
mammary 
carcinoma 

10. 37 yr.female 3 

147 lbs., 

matmmary 

carcinoma 


i) 


w 


- 


on 


an 


~ 


oo 


© 


108/70 108/70-118/70 


a 


11. 73 yr. female 3 145/90 148/88-164/100 
110 lbs., 
mammary 


carcinoma 


12. 68yr.female 3} 138/70 120/64—138/70 
mammary 
carcinoma 


mloo 


100.0 98.8-100.0 104 96-104 20 18-20 


99.0 99.0-100.0 80 76-88 20 20-22 


110 100-115 30 =. 26-30 


104 96-108 20 20-24 


98.6 98.6-98.6 60 56-80 20 18-20 


99.0 98.8-100.0 84 80-100 20 20-28 


98.4 98.6-98.8 92 92-100 20 20-22 


98.8 99.0-99.4 68 72-80 20 18-22 


100.2(R) 100-101.2 1 


_ 
No 


100-116 28 26-28 


99.4 98.6-99.8 112 100-104 20 18-20 


98.8 98.8-98.8 88 78-82 18 18-20 


98.0 98.2-98.4 100 96-104 20 20-22 





*In all cases except No. 9 one L. of solution which contained 50 Gm. of glycerol, 9.0 Gm. of sodium chloride and 
50 Gm. of glucose was infused. In case No. 9 the sodium chloride was omitted. 


chest was full of coarse rales, there was significant 
clearing of his lungs after the infusion, as judged 
by auscultation. This observation is noted as be- 
ing of possible significance, only because of a 


report that glycerol has a bronchodilating action 
(18). 


DISCUSSION 


The results of the present study indicate that 
considerable amounts of glycerol in moderately di- 
lute solution can be safely administered intrave- 
nously to animals and man. In the present study, 
the highest total quantity administered to man in 
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terms of body weight is 1.2 Gm. per Kg. For the 
rabbit, this value was higher than 2 Gm. per Kg. 
and for the dog, higher than 3 Gm. per Kg. 
These findings are not entirely in agreement with 
those of some previous studies in experimental ani- 
mals. Some of the differences in results and 
conclusions are probably due to differences in the 
concentration and composition of the solutions 
administered, and to differences in rate, and the 
particular parenteral route of administration which 
were employed. It appears that most of the toxic 
effects previously reported were observed in cases 
where undiluted or very concentrated glycerol was 
injected. For example, Solomidés (14) reported 
that 1.0 Gm. per Kg. of undiluted glycerol given 
intravenously to rabbits was uniformly fatal, but 
that the same quantity of glycerol previously di- 
luted with an equal quantity of saline solution pro- 
duced neither mortality nor morbidity. It would 
seem reasonable to conclude that, in this case, the 
toxic effects reported were due to the osmotic 
disturbances which the undiluted glycerol caused 
rather than to an inherent toxicity of the glycerol 
molecule. The data reported in the review paper 
by Deichmann (19) also suggest that severe de- 
hydration and osmotic disturbances were very 
likely responsible for the noxious effects observed. 

Cameron and Finckh (9) reported that in the 
rat, moderate intravenous doses of 50 per cent 
glycerol solution produced some hemolysis, and 
that large doses caused convulsions by dehydra- 
tion. However, they found that large intravenous 
doses of a 20 per cent solution caused no hemolytic 
effects. They also reported considerable species 
differences in the occurrence of hemolysis; for 
example, in the rabbit they found no hemoglobi- 
nuria, even after intravenous injection of undi- 
luted glycerol. These species differences may be 
related to rather large differences in the perme- 
ability to glycerol of the erythrocytes of the differ- 
ent species. That glycerol itself is not a hemolytic 
agent is indicated by the fact that large amounts 
of glycerol can be added to blood in vitro with- 
out producing any lysis as long as the ionic 
strength of the mixture is not markedly decreased 
(1). In the present study, the uniform absence 


of hemoglobinuria during and after the infusion 
of glycerol solutions in all three species demon- 
strates that no considerable amount of intravas- 
cular hemolysis occurs. However, hemoglobinuria 
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is a relatively insensitive test for the occurrence of 
hemolysis, because of the renal threshold for hemo- 
globin. It is, however, evident, from the results 
of the direct measurement of plasma hemoglobin 
concentrations, during and after the infusion of 
glycerol solutions, that no more than a very slight 
amount of hemolysis occurs. Plasma hemoglobin 
concentrations in normal individuals are of the 
order of 5 mg. per 100 ml. (20). The increases 
in plasma hemoglobin concentration which were 
noted in the present study were in no case greater 
than 10 mg. per 100 ml., either during or after 
the administration of glycerol solutions. In- 
creases of this magnitude might well occur during 
the infusion of more conventional intravenous 
fluids. There appears to be no published report 
on the effect of the routine administration of in- 
travenous fluids on plasma hemoglobin levels. 

Previous studies have disclosed that hemolytic 
effects were frequent after subcutaneous injection 
of glycerol solutions, but were absent or infre- 
quent after intravenous administration. In nearly 
all cases, the solutions injected were markedly 
hypertonic. This difference in the frequency of 
occurrence of hemolysis, between subcutaneous 
and intravenous administration, might well be due 
to the fact that the osmotic effects of hypertonic 
solutions are minimal when given intravenously, 
because of the rapid dilution by the circulating 
blood. There is no evidence that glycerol reacts 
with the subcutaneous or other tissues to give rise 
to a hemolytic substance, but this possibility is not 
excluded. It should be remembered that the un- 
intentional perivascular infiltration of a glycerol 
solution may produce some undesirable effects. 

In the present study, no significant effects on 
blood pressure were observed in man or dog, ex- 
cept that in the dog very rapid intravenous injec- 
tion of concentrated solutions (e.g., 10 ml. in 10 
seconds of 50 per cent solution) produced transi- 
ent hypotension. This is in contrast to the state- 
ment by Johnson, Carlson, and Johnson (5) that 
in the dog, “even a small dose of glycerol intra- 
venously produces a transient fall in arterial pres- 
sure.” It is possible that the hypotensive effects 
observed by these authors may have been due to 
an impurity in the glycerol which was used. In 
the present study, the transient hypotension pro- 
duced by the rapid intravenous injection of con- 
centrated glycerol solution seems most likely to 
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be due to peripheral vasodilation. Glycerol might 
be expected to have a vasodilating action because 
of its chemical similarity to ethanol. That the 
hypotension is not due to an effect on the central 
nervous system is indicated by the absence of hy- 
potension when glycerol solution was injected 
into a carotid artery. Reflex vagal slowing of the 
heart could not have been the cause of the hypo- 
tension, since the hypotensive effect persisted af- 
ter cutting the vagus nerves. A depression of 
myocardial contraction by glycerol is not ex- 
cluded, but seems unlikely because injection of 
concentrated glycerol solution into the descending 
aorta produced a prompt fall in blood pressure. 
Another possible cause of hypotension when in- 
travascular hemolysis occurs is the release of 
nucleotides from the erythrocytes. It has been 
shown that these nucleotides have a potent hy- 
potensive action (21). In the present study, no 
significant degree of intravascular hemolysis oc- 
curred, and thus it is very unlikely that the transi- 
ent hypotension was due to release of nucleotides. 

The previously reported occurrence of convul- 
sions and other manifestations of central nervous 
system dysfunction (9, 12) were also quite pos- 
sibly due to the severe osmotic disturbance, pro- 
duced by the injection of quite concentrated solu- 
tions of glycerol. In the present study, where the 
tonicity of the administered solutions was not high 
enough to produce appreciable osmotic derange- 
ment, no signs of central nervous system irrita- 
tion were observed. The reported occurrence of 
central nervous system irritation one or more days 
after injection of glycerol seems to be best ex- 
plained by the tissue dehydration and electrolyte 
disturbance resulting from the diuresis which was 
produced (13). 

The demonstration that glycerol can be safely 
administered intravenously in considerable quan- 
tity opens the way to the possible use of this 
substance as an intravenous nutritional agent. 
That glycerol is rapidly metabolized and gives 
rise to blood glucose is indicated by the findings 
that intraperitoneal injections of glycerol solu- 
tions in rabbits (22) and oral administration of 
glycerol to man (6) cause hyperglycemia. Fur- 
thermore, insulin convulsions in the rat were 
promptly relieved by the intraperitoneal injection 
of glycerol solutions (23). It has also been shown 
that glycerol solutions have an antiketogenic ef- 


fect when injected intraperitoneally in starved 
ketonemic rats (24). It is possible that glycerol 
is more efficiently utilized than is glucose, by indi- 
viduals suffering from diabetes or other metabolic 
diseases. Glycerol has recently been used to 
stabilize fat emulsions, which are intended as in- 
travenous nutritional preparations (25). Glycerol 
may also be a useful solvent in preparations of 
drugs for intravenous administration. 


SUMMARY 


The intravenous administration of solutions 
containing 5 per cent glycerol to experimental 
animals and to man has been found to cause no 
toxic or otherwise undesirable effects. Human 
subjects have been given intravenously 50 Gm. 
of glycerol in a liter of solution which contained, 
in addition to the glycerol, 50 Gm. of glucose and 
9.0 Gm. of sodium chloride. No disturbances of 
cardiorespiratory or central nervous system func- 
tion were observed, and no significant hemolytic 
effects occurred. 

The previously reported toxic effects of paren- 
terally administered glycerol have not been ob- 
served, and there are indications that these toxic 
effects were due to the osmotic disturbances pro- 
duced by the injection of glycerol solutions of 
high concentration. In the dog, the rapid injec- 
tion of concentrated solutions of glycerol produced 
a transient drop in blood pressure, and this was 
probably due to a peripheral vasodilating effect. 

It is suggested that intravenously administered 
glycerol may be a useful nutritional agent. 
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The hypoglycemic response of moderately severe 
diabetic patients to an orally administered test 
dose of tolbutamide has been shown by Mirsky, 
Diengott, and Dolger (1) to differ strikingly from 
that of nondiabetic subjects. Indirect evidence of 
a correlation between tolbutamide responsiveness 
and pancreatic insulin content (1), coupled with 
experimental support for the view that the drug 
stimulates endogenous secretion of insulin (2-6), 
suggest that this difference may be of more than 
empirical interest. The purpose of the following 
study was to compare response to intravenously 
administered tolbutamide in nondiabetic and mild 
diabetic subjects, including those with a normal 
and near-normal fasting blood glucose level. 


MATERIALS AND METHODS 


One hundred nondiabetic controls were selected from 
the medical, surgical, and otolaryngological wards of the 
Dallas Veterans Hospital (85 subjects), and from 
among medical students (15 subjects). The nondiabetic 
status of all control subjects was established by means 
of history, physical examination, and a negative oral 
glucose tolerance test, interpreted according to the cri- 
teria of the American Diabetes Association (7). 
Seventy-nine mild, stable, diabetic patients, none of whom 
required insulin therapy, were selected from the Park- 
land Memorial Hospital Metabolic Clinic, from the 
wards of the Dallas Veterans Hospital, and from among 
subjects discovered by the Diabetes Detection Unit of 
the Dallas City Health Department. Diabetic subjects 
were subdivided according to, their fasting blood glucose 
level on the morning of the test. Thirty-four patients had 
fasting hyperglycemia of diagnostic proportions (115 to 
180 mg. per cent) and 45 had normal or slightly ele- 
vated fasting blood glucose levels (below 115 mg. per 
cent). Twenty-five of the latter had levels below 100 
mg. per cent. The diabetic status of the latter group 
was established by means of three hour oral glucose 
tolerance tests. Because of the nonspecificity of this 


1This work was supported by a grant from the Upjohn 
Company, Kalamazoo, Michigan. 

2 Presented in part at the annual meeting of the Ameri- 
can Federation of Clinical Research, May, 1957. 
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test, as usually interpreted, in the borderline zone (8, 9), 
the following stringent diagnostic criteria for diabetes 
were employed: peak blood glucose level, 200 mg. per 
cent or higher; two hour level, 170 mg. per cent or 
higher ; and three hour level, 135 mg. per cent or higher. 

All subjects were requested to adhere to a diet con- 
taining 300 Gm. of carbohydrate daily for at least three 
days before the test. After an overnight fast, and the 
withdrawal of a fasting blood specimen, 1 Gm. of so- 
dium tolbutamide,? diluted in 11 ml. of distilled water, 
was injected intravenously at a constant rate over a 
two minute period. Blood specimens were drawn 20, 30, 
40, 60, and, in some instances, 90 and 120 minutes after 
the midpoint of the injection period. Blood glucose con- 
centration was determined in duplicate by the Somogyi- 
Nelson technique (10). In our laboratory the standard 
deviation of the replicate determinations included in this 
study was 1.10. 


RESULTS 


The typical blood sugar response, exhibited by 
nondiabetic subjects to intravenously administered 
sodium tolbutamide, simulated the pattern usually 
obtained after intravenous injection of insulin. 
Glucose concentration declined rapidly to a nadir 
in 20 to 50 minutes after injection, following which 
a rebound towards normal usually occurred (Fig- 
ure 1). At 20 minutes after the injection, the 
blood glucose level of nondiabetic subjects had 
declined to an average of 60 per cent of the pre- 
test value (S. D.,+ 14.2), and the range was 
from 85 to 9 per cent. Thirty minutes after injec- 
tion, the mean fall was to 51 per cent of the pre- 
test level (S. D., + 14.8), with a range of from 
82 to 6 per cent. At 40 minutes, at which time 
rebounding values became increasingly prevalent, 
the mean percentage was 55.6 (S. D., + 11.9), 
with a range of from 91 to 22 per cent. At 60 
minutes the mean was 72 per cent (S. D., + 12.1), 
and the range from 104 to 42 per cent (Figure 
) oF) 2 


3 Sodium tolbutamide was generously supplied by Dr. 
C. J. O'Donovan, Upjohn Company, Kalamazoo, Michi- 
gan. 
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Fic. 1. MEAN ToLBUTAMIDE RESPONSE CURVES OF ALL 
BUT FIVE OF THE SUBJECTS STUDIED ILLUSTRATING THE 
Bioop GLucosE RESPONSES TYPICAL oF NONDIABETICS 
AND OF Mitp DIABETICS OF VARYING DEGREES OF SEVERITY 


The curve of 45 diabetics with fasting blood specimen 
<115 mg. per cent includes the 25 with fasting blood 
specimen < 100 mg. per cent whose mean curve is also 
shown separately. Five of the 79 diabetics in this study 
are not represented in this figure, but their omission does 
not perceptibly affect the results. 


In striking contrast to the response of non- 
diabetics, diabetic subjects exhibited a more grad- 
ual decline which sloped towards a nadir some- 
where beyond the one hour specimen (Figure 1). 
Twenty minutes after injection, the blood glucose 
level of the diabetic group had fallen to a mean of 
only 90 per cent of the pretest level (S. D., + 7.4), 
with a range of from 108 to 61 per cent. At 30 
minutes, the mean percentage of pretest values 
was 83 per cent (S. D., + 8.7) with a range of 
from 105 to 49 per cent. At 40 minutes after in- 
jection, the mean was 83 per cent (S. D., +9.8), 
with a range of from 107 to 53 per cent. At 60 
minutes, the mean was 77 per cent (S. D., + 10.9), 
with a range of from 129 to 49 per cent (Fig- 
ure 1). 

A separate analysis was made of the 45 dia- 
betics with a fasting blood glucose level of less 
than 115 mg. per cent, and of 25 diabetics with a 
fasting level below 100 mg. per cent (Figure 1). 
The hypoglycemic response of the milder diabetics 
is somewhat more rapid than those whose fasting 
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blood glucose levels exceed 115 mg. per cent. 
Nevertheless, the mean tolbutamide response 
curve of each of these groups is shown to parallel 
closely the mean response curve of the more severe 
diabetics, and to differ strikingly from the mean 
response curve of the nondiabetic group. 

In Figure 3, the individual response curves of 
12 nondiabetic controls are compared with those of 
12 diabetic subjects whose fasting blood glucose 
levels were in a similarly normal range. The 
precipitous decline in the blood glucose level of 
the nondiabetics, followed typically by a rebound 
toward the pretest level, is in marked contrast to 
the more gradual and often irregular slope ex- 
hibited by the mild diabetics. 

In Figure 2, the individual blood glucose levels 
of all diabetic and nondiabetic subjects, expressed 
as per cent of the pretest value, are recorded at 
20, 30, 40, 60, and in a few instances, at 90 and 
120 minutes after the tolbutamide injection. 
Separation of the two groups is maximal at 20 and 
30 minutes, at which time the blood glucose level 
of nondiabetics approaches its nadir. Overlap 
between groups becomes increasingly prevalent 
thereafter, as the blood glucose level of the non- 
diabetics returns towards its pretest value, while 
that of the diabetics continues to decline. At 20 
minutes after the injection of tolbutamide, the 
blood glucose level of 96 per cent of nondiabetics 
has declined to below 84 per cent of the pretest 
value, and in 94 per cent, has fallen to below 80 
per cent of pretest level. In contrast, the blood 
glucose level of 94 per cent of the diabetic group 
remained at 84 per cent of the pretest level or 
higher, and in 95 per cent, remained at 80 per 
cent or more. 

At 30 minutes after the tolbutamide injection, 
the blood glucose level of 99 per cent of the non- 
diabetics fell below 77 per cent of the pretest value 
(Figure 2). However, in 10 per cent of diabetic 
patients, declines to 73 per cent of the pretest level 
or less are noted. 


DISCUSSION 


The foregoing data indicate that the rate of 
hypoglycemic response of nondiabetic subjects to 
intravenously administered sodium tolbutamide 
differs from that of mild stable diabetics. While 
precise interpretation of this difference must await 
final elucidation of the mechanism of sulfonylurea- 











‘ile 


on, 
yn- 
lue 
tic 
vel 


of 
to 
ide 
1ile 
yait 





INTRAVENOUS TOLBUTAMIDE 


RESPONSE OF MILD DIABETICS 629 





















































0 ile _29 
3 ~ a 
tg . ° 
om 
z.. % 6 to i 
90+ Be g A Be 
Bike F > = : H 
=i F : : : 
, & fF. % pal 
80r-—— 00 —— 0 ——— eae ° teeo ——+ 
& & mt A ; 
an a i a 
a T—S—-s ae poe ‘i 
= ‘) ae . 
we & & 8 * ‘ 
x eco = ao 
ee ee = = ss 
Se BL 
S  & ee 
Coa SS oe 
bg ® : 
Sa : 
40 3 —— too * DIABETIC —_ 
Si Sate ° NON-DIABETIC 
30 — 
° ° 
oO oO 
20 l : ey n n 1 i l re mn 1 
20. 319 40 60 80 100 120 
*.9 oll 
6 MINUTES 


Fic. 2. THe TorsutaAmMipe Response Tests or 100 Nonprasetic AND 79 
Muitpty Diasetic SUBJECTS ARE RECORDED 


Blood glucose levels are expressed as per cent of the fasting concentration. 
Separation of the two groups is maximal at 20 and 30 minutes. 


induced hypoglycemia, speculation as to its sig- 
nificance is of interest. 

Although this study in no sense contributes to 
clarification of the problem of its mechanism of 
action, the results are in harmony with the con- 
cept that tolbutamide enhances the release of in- 
sulin from the beta cells (2-6). The resemblance 
between the nondiabetic tolbutamide response 
curve and the normal insulin tolerance curve is 
compatible with a release of stored insulin from 
the beta cells (1). If this were the case, the 
more gradual hypoglycemic response to tolbuta- 
mide exhibited by diabetic subjects could be as- 
cribed either to diminished insulin stores, or to 
decreased rate of insulin release in response to 
betacytotropic stimulation, although extrapan- 
creatic interference with insulin degradation is 
also possible. The apparent inverse correlation 
between the rate of hypoglycemic response and 
the fasting blood glucose concentration noted in 
the diabetic group (Figure 1) may be a quanti- 


tative expression of the severity of the disease, 
or merely a nonspecific function of the pretest 
blood glucose level. 

There is, however, experimental evidence that 
tolbutamide potentiates the action of exogenous 
insulin in totally depancreatized animals (11-13). 
The results of the present study can also be ex- 
plained on the basis of potentiation by tolbutamide 
of independently secreted endogenous insulin. 

Validation of either of these theories of sul- 
fonylurea action would provide a rational basis 
for the observed differences in tolbutamide re- 
sponse. In this event, the intravenous tolbutamide 
response test would constitute an index of beta 
cell function, which might prove useful as a new 
parameter for the diagnosis of mild diabetes. At- 
tention is called to the fact that the blood glucose 
concentration at 20 and 30 minutes, expressed as 
per cent of pretest level, correctly segregated dia- 
betic patients from nondiabetics in approximately 
95 per cent of cases; this includes the mildest dia- 
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Fic. 3. COMPARISON OF THE TOLBUTAMIDE RESPONSE 
Curves oF 13 NonprasetTics AND 13 Mitp DIABETICS 
WHoseE Fastinc Bioop GiucosE LEVELS WERE IN A 
SIMILAR RANGE 


The rapidity and magnitude of the decline of blood 
glucose levels which characterize the nondiabetic group 
are in contrast to the more gradual and occasionally ir- 
regular responses of the diabetics. 


betics, whose fasting blood glucose levels were in 
a normal or near-normal range. Since this rec- 
ord compares favorably with other routine clini- 
cal tests now employed in the diagnosis of mild 
diabetes (8, 9), further evaluation of the tolbuta- 
mide response test as a diagnostic procedure 
seems warranted. 


SUMMARY 


Intravenous sodium tolbutamide response tests 
were performed in 100 nondiabetic and 79 mild, 
stable diabetic subjects, and blood glucose con- 
centration determined at 20 minute intervals for 
up to two hours thereafter. Whereas the blood 
glucose levels of nondiabetics fell rapidly, reach- 
ing a nadir between 20 and 40 minutes after in- 
jection, diabetics, including those with a normal 
or near-normal fasting blood glucose value, ex- 
hibited a more gradual decline. Possible ex- 


planations for this striking difference in tolbuta- 
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mide response are discussed, and the practical 
implications of these findings considered. 
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The metabolic consequences of exogenous insu- 
lin which is administered parenterally may differ 
from those of the endogenously secreted hormone 
for at least two reasons: exogenous insulin may be 
altered in its commercial preparation; its activity 
may be different because it enters the body 
through the systemic circulation. Under physio- 
logic conditions, insulin is secreted by the pancre- 
atic betacytotropic cells into the branches of the 
portal circulation, traversing the liver prior to 
entry into the systemic circulation where it is 
bound in a variety of tissues; this binding is ap- 
parently intimately associated with insulin ac- 
tivity (1-4). Theoretically, insulin secreted into 
the portal vein, because it passes directly into the 
liver, may have a metabolic effect different from 
insulin administered peripherally: all of the insu- 
lin reaches the liver, and may therefore increase 
the hepatic effect and decrease the peripheral ef- 
fect (qualitative difference); part of the insulin 
may be destroyed by hepatic insulinase reducing 
the net amount available (quantitative difference) ; 
finally, there may be no significant physiologic 
alteration by this initial passage through the liver. 

The purpose of this study was to determine 
whether the initial passage of insulin through the 
liver altered its subsequent metabolic activity 
qualitatively or quantitatively by comparing the 
effect of glucagon-free insulin? administered via 
the portal and via a peripheral vein on the magni- 
tude of the hypoglycemia and the magnitude of 
the change in peripheral glucose utilization. The 


1This work was supported in part by a grant from 
The Upjohn Company. 

2The supply of glucagon-free insulin was furnished 
by Dr. W. R. Kirtley of the Eli Lilly Company, Indian- 
apolis, Indiana. 
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arteriovenous (A-V) glucose difference and the 
arteriovenous glucose difference/arterial glucose 
concentration (A-V)/A were used as the param- 
eters for measuring changes in peripheral glu- 
cose utilization (5, 6). 


METHODS 


Sixteen experiments were performed on eight healthy 
adult dogs, housed in individual runs and maintained on 
a diet of constant composition for at least two weeks prior 
to each experiment. All procedures were performed in 
an airconditioned constant temperature room on dogs in 
the postabsorptive state. Sodium pentobarbital (Nem- 
butal®, 25 mg. per Kg.) was used for anesthesia. Two 
experiments were conducted in random order on each 
dog: during one, glucagon-free insulin (0.07 U per Kg.) 
was administered over a two minute period into a large 
tributary of the portal vein, and during the other, the 
same amount was given into a peripheral vein in the 
foreleg. In those instances when insulin was given via 
a peripheral vein, a sham operation was performed and 
saline injected into a tributary of the portal vein while 
the dog was simultaneously receiving insulin in a fore- 
leg vein. This additional control, sham operation was 
necessary since other data from our laboratory indi- 
cated that one of the acute effects of operation was an 
augmentation of peripheral glucose utilization. 

Arterial and venous blood samples were drawn simul- 
taneously from the femoral artery on one side, and from 
the contralateral femoral vein by means of indwelling 
Cournand needles. About 30 minutes after the opera- 
tion was completed, two control blood samples were ob- 
tained at 10 minute intervals prior to insulin injection, 
and thereafter usually at 5 minute intervals for the first 
30 minutes, at 10 minute intervals for the following 30 
minutes and at 15 minute intervals for the ensuing 30 to 
60 minutes. 

To prevent glycolysis, blood samples were collected 
in chilled tubes containing sodium fluoride. Blood glu- 
cose was determined in duplicate by the Somogyi copper 
iodometric method on 5 ml. of blood filtrate prepared im- 
mediately from 2 ml. blood samples, thereby providing a 
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TABLE I 


Changes in femoral arterial and venous glucose concentrations after glucagon-free insulin (0.07 U per Kg.) 
administered into a foreleg vein 
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0.089 


81.4 
75.0 
6.4 
0.078 


87.8 
84.6 
3.2 
0.036 


73.4 
69.0 
4.4 
0.059 


62.2 
52.2 
10.0 
0.160 


68.2 
58.6 
9.6 
0.140 


72.2 
61.8 
10.4 
0.144 


49.7 


80 


67.8 
56.1 
11.7 
0.172 


165 
83.8 


6ottt 70 


45.6 54.0 
43.8 44,3 
1.8 9.7 
0.038 0.179 


90 


67.2 
58.4 
8.8 
0.130 


150 


85.8 
77.8 72.0 
8.0 11.8 
0.093 0.140 


100 


71.6 
64,2 
7.4 
0.103 


110 


80.8 
72.0 
8.8 
0,108 





* Insulin infused into a foreleg vein over a two minute period. 
t Insulin infused into a foreleg vein over a 60 minute period. 
t Arterial glucose concentration. 

§ Venous glucose concentration. 


means for the valid measurement of A-V glucose dif- 
ferences as little as 2 mg. per cent (5, 7, 8). 


RESULTS 


The changes in femoral arterial and venous glu- 
cose concentrations, A-V glucose difference, and 
(A-V)/A, following the peripheral and portal 
administration of glucagon-free insulin are listed 
in Tables I and II. Typical data from two paired 
experiments, comparing the effects of the two 
routes of administration, are shown in Figures 1 
and 2, 

In each dog, the peripheral injection of insulin 
increased peripheral glucose utilization to a sig- 
nificantly greater extent than did the portal ad- 


|| Arteriovenous glucose difference. 

Arteriovenous glucose difference/arterial glucose concentration. 
** | Start infusion. 

TT 1 End infusion. 


ministration. The mean increases of 6.9 mg. per 
cent in A-V glucose difference and 0.097 in 
(A-V)/A after the injection of insulin into a 
foreleg vein were significantly greater (p= 
< 0.01) than the mean increases of 4.6 mg. per 
cent in A-V glucose difference and 0.064 in 
(A-V)/A after the intraportal injection of the 
same dose of insulin (Table III, Figures 3 and 4). 
Similarly, the mean peripheral utilization index of 
80, computed according to the method of Somogyi 
(9), after insulin delivered into a peripheral vein 
was significantly greater (p = < 0.01) than the 
mean index of 56, following the intraportal route 
of administration (Table IV). 
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TABLE II 


Changes in femoral arterial and venous glucose concentrations after glucagon-free insulin (0.07 U per Kg.) 
injected into a branch of the portai vein 








Control Time after insulin administration 
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onwnun eo 


a ae 
- Oe 


0-10 


0 


10 


25 


30 


80 


90 


105 


120 





A 
Vv 
A-V 


A-V/A 


87.5 
85.0 
2.5 
0.028 


82.7 
82.7 
0.0 
0.000 


0.4 
0.004 


99.8 
0.6 
0.006 


0-10 


83.0 
80.4 
2.6 
0.031 


o\* 


83.6 
81.0 
2.6 


0.031 


0.0 
0.000 


84.6 
84.0 
0.6 
0.007 


81.8 
82.0 
—0.2 
—0.002 


105.3 
102.1 

3.2 
0.030 


10 


73.0 
73.0 
0.0 
0.000 


79.0 
77.4 
1.6 
0.020 


68.0 
63.0 
5.0 
0.073 


67.4 
65.7 
7 
0.025 


72.8 
71.4 
1.4 
0.019 


75.6 
73.0 
2.6 
0.034 


69.0 
66.0 
3.0 
0.043 
91.3 
90.8 
0.5 
0.005 


20 


66.5 
64.2 
2.3 
0.034 


85.6 
0.4 
0.004 


30 


64.9 
64.2 
0.7 
0.001 


0.3 
0.004 


40 


66.0 
64.2 
1.8 
0.027 


2.4 
0.040 


66.7 
63.4 
3.3 
0.049 
70.3 
65.3 
5.0 
0.071 


75.0 
74.6 
0.4 
0.005 


50 


66.5 
63.4 
3.1 
0.047 


67.0 
58.8 
8.2 
0.123 


59.2 
52.0 
7.2 
0.121 


78.0 
69.7 
8.3 
0.106 


67.4 
63.8 
3.6 
0.053 


67.6 
63.0 
4.6 
0.068 


73.8 
68.1 
5.7 
0.077 


72.4 
70.3 
2.1 
0.029 


6ottt 70 


68.4 
64.9 
3.5 
0.051 


76.2 
68.7 


7.5 
0.098 


85.1 
80.2 
4.9 
0.057 


89.4 
87.6 
1.8 
0.020 


98.4 
98.6 
—0.2 
0.002 


120 


83.8 
77.8 
6.0 
0.071 


83.0 
76.0 
7.0 


0.084 


73.7 
67.4 
6.3 


0.085 


79.1 
75.0 
4.1 
0.051 


83.6 
77.8 
5.8 
0.069 


135 


83.0 
77.9 
5.1 
0.061 


84.4 
75.1 
9.3 
0.108 


78.0 
75.8 
2.2 
0.028 


86.7 
78.9 
7.8 
0.089 


83.6 
81.0 
2.6 
0.031 


81.5 
74.0 
7.5 
0.092 


75.0 
75.0 
0.0 
0.000 





* Insulin infused into a branch of the portal vein over a two minute period. 
t Insulin infused into a branch of the portal vein over a 60 minute period. 


¢ Arterial glucose concentration. 

§ Venous glucose concentration. 

|| Arteriovenous glucose difference. 

¥ Arteriovenous glucose difference/arterial glucose concentration. 
** | = Start infusion. 
Tt t = End infusion. 


In contrast to the difference in peripheral glu- 
cose utilization, following the intraportal and 
peripheral injection of insulin, is the similarity in 
the magnitude of the hypoglycemia which results 


after both routes of insulin administration. The 
arterial glucose response after each route of ad- 
ministration, along with the standard deviation of 
the mean difference between these changes, are 
shown in Figure 5. There is no significant dif- 
ference in the magnitude of the hypoglycemia be- 
tween both routes of administration when calcu- 
lated either in milligrams or percentage decrease 
from fasting levels (Table V). 


In order to determine whether the changes in 
peripheral glucose utilization resulting from the 
intraportal administration of insulin were de- 
pendent upon the amount of insulin perfusing the 
liver per unit of time, an experiment was per- 
formed (Dog 10, Tables I and II) in which in- 
sulin (0.0017 U per Kg. per minute) was ad- 
ministered intraportally and intravenously over 
a one hour period at 1/20 the rate of the previous 
experiments. If the alterations in the insulin dur- 
ing passage through the liver were rate-limited, 
a larger difference between the changes after the 
peripheral and portal infusion of insulin would 
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Fic. 1. ADMINISTRATION OF GLUCAGON-FREE INSULIN (Doc 1) 


be forthcoming. Such was not the case; the dif- ute. This suggests that within the range tested, 
ferences in (A-V)/A and A-V glucose difference this process, in vivo, is not rate-limited, but rather 
were not greater than those obtained when insulin that a fixed percentage of the insulin perfusing 
was injected at a rate of 0.035 U per Kg. per min- the liver per unit time is bound. This contention 
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Fic. 2. ADMINISTRATION OF GLUCAGON-FREE INsuLIN (Doc 5) 
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is supported by the finding of Lee and Williams 
that an elevenfold variation in the amount of in- 
sulin injected into rats had no effect on the per 
cent of the dose bound in the liver within 15 min- 


utes (10). 
DISCUSSION 


The direct hepatic effect of insulin has long 
been a controversial issue (11). While the in 
vitro effects of insulin on the liver have been 


particularly difficult to demonstrate, in vivo ef- 
fects of varying magnitude and duration have 
been shown (12-16). The evidence supporting 
an hepatic effect of insulin has recently been re- 
viewed by de Duve (12) and Dunn, Friedmann, 
Maass, Reichard, and Weinhouse (13). If, as 
this evidence indicates, insulin alters hepatic glu- 
cose metabolism, then the reduction of blood glu- 
cose concentration which follows insulin adminis- 
tration is the consequence, not only of an in- 
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Fic. 4. CoMPARIsON OF MEAN CHANGES IN (A-V)*/A AFTER PERIPHERAL AND PorTAL 
ADMINISTRATION OF GLUCAGON-FREE INSULIN 


* Arteriovenous glucose difference/arterial glucose concentration. 
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TABLE III 


Comparison of changes in mean arteriovenous glucose 
difference and arteriovenous glucose difference/ 
arterial glucose concentration with time 
after the intraportal and peripheral 
administration of insulin 











Time Mean A-V* glucose Mean A-Vt 
after (mg.) A 
insulin - ee renee Levee 
(minutes) Periph. Portal Periph. Portal 
—10 1.8 Li 0.021 0.012 
0 0.8 is 0.016 0.014 
5 2.5 1.5 0.030 0.015 
10 4.2 2.2 0.059 0.031 
15 3.9 2.4 0.065 0.039 
20 5.9 4.3 0.103 0.069 
25 4.7 0.070 
30 8.8 5.7 0.139 0.082 
40 8.4 5.8 0.120 0.079 
50 9.0 Pel 0.120 0.102 
60 8.6 7.0 0.115 0.092 
70 9.4 0.118 
75 4.9 0.063 
80 8.0 0.097 
Mean 6.9 4.6 0.097 0.064 
p <0.01 <0.01 





* Arteriovenous. 
+ Arteriovenous glucose difference/arterial glucose con- 
centration. 


creased peripheral glucose utilization, but also of 
a decreased hepatic output of glucose (12, 13). 
Increased peripheral glucose utilization in the in- 
tact animal is usually manifested by an increased 
A-V glucose difference (5, 9, 17) ; whereas the de- 
creased hepatic output of glucose, although con- 
tributing to the hypoglycemia, does not alter the 
A-V glucose difference. 

A significantly smaller increase in A—V glucose 
difference and therefore probably in peripheral 


TABLE IV 


Peripheral utilization indices after the peripheral and 
portal administration of insulin 








Sum of A-V* glucose 


difference Ratio 








Duration ripheral 
Dog fabuehes} Peripheral Portal ae v 

1 120 153 101 1.52 

6 120 90 74 1.21 

5 120 129 70 1.84 

8 100 73 56 1.30 

3 80 55 37 1.48 

4 80 38 29 1.31 

2 80 17 8 2.12 

10 150 86 72 1.19 

Mean 80 56 1.49 
p <0.01 





* Arteriovenous. 
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glucose utilization was found after the endoportal, 
compared to the peripheral route of insulin ad- 
ministration. This could be the result of either an 
increased hepatic destruction of insulin by in- 
sulinase or an increased hepatic effect of the 
endoportally injected insulin. If the lesser aug- 
mentation of peripheral glucose utilization was ac- 
companied by a decrease in the magnitude of the 
arterial hypoglycemia, the likelihood of a decreased 
delivery of insulin to the peripheral tissues re- 
sulting from hepatic inactivation of a portion of 
the intraportally injected insulin would be in- 
creased. No such difference was found. The 
magnitude of the arterial hypoglycemia was not 























E nob 
“" 
g 
~*~ 100 
¢ 
be PERIPHERAL 
ae 
0 Q 90 a 
9 <A} 
wy PORTAL 
rs) 
0 g 80 
r) 
_ 
EXO) 
 ” 
9g 
BB sb 
Qy 
ra 
I 
50 l 1 l 1 lL l 1 
fe) 10 20 30 40 50 60 70 


Minutes after Insulin 


Fic. 5. CoMPpaARISON OF MEAN ARTERIAL GLUCOSE RE- 
SPONSE AFTER THE INTRAPORTAL AND PERIPHERAL AD- 
MINISTRATION OF GLUCAGON-FREE INSULIN (0.07 U PER 
Ke.) 


significantly different after either route of ad- 
ministration. The combination of a similar de- 
gree of arterial hypoglycemia, coupled with a 
lesser increase in the A—V glucose difference and 
therefore probably of peripheral glucose utilization, 
suggests an increased hepatic effect and a de- 
creased peripheral effect of insulin administered 
via the portal vein. This interpretation of the 
data, although consonant with the effects of in- 
sulin on the peripheral tissues and on the liver 
(12, 13), is based on inferential changes in periph- 
eral glucose utilization. Peripheral blood flow 
was not measured, and A-V glucose differences 
alone were used as the index of peripheral glucose 
utilization. It is therefore possible that a greater 
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TABLE V 


SIGNIFICANCE OF INTRAPORTAL SECRETION 


Comparison of the effect on arterial glucose concentration of the intraportal and peripheral administration of insulin 
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hypoglycemic effect from either route of adminis- 
tration was masked by the counterregulatory re- 
actions which not only raised blood glucose con- 
centrations, but also may have altered peripheral 
blood flow. 

The difference between the metabolic effects of 
insulin injected endoportally and peripherally is 
probably causally linked with the increased 
amount of insulin, which reaches the liver after 
endoportal administration. Although the time of 
exposure of the liver to this larger amount of in- 
sulin is only a few seconds, i.e., the duration of a 
single circulation through the liver, other data in- 
dicate that exposure of an extremity to a large 
amount of insulin for a similar duration of time 
also augments the metabolic response of that limb 
(17). Bell and Burns showed that the intra- 
arterial injection of insulin resulted in a signifi- 
cantly greater A—V glucose difference in the in- 
jected leg compared to the contralateral extremity 
(17). In the intact animal, after the intravenous 
injection of insulin, the magnitude of the metabolic 
response of a tissue sensitive to insulin would be 
expected to depend, not only upon the affinity of 
the tissue for insulin, but also upon the per cent 
of the cardiac output perfusing the tissue per unit 
time, i.e., on the delivery of insulin to the tissue. 
When endogenous insulin is secreted into the 
portal vein, or exogenous insulin is injected endo- 
portally, all of the insulin reaches the liver; by 
contrast, when insulin is injected into a peripheral 
vein, only a fraction of the amount given perfuses 
the liver. . | 

Previous studies comparing the endoportal and 
peripheral routes of insulin administration were 
different from the present study. Arteriovenous 
glucose differences were not measured, and the 
studies were concerned primarily with the hyper- 
glycemic effect of insulin (18, 19) presumably 
contaminated with glucagon. Weisberg, Freid- 
man, and Levine (20) compared the hypoglycemic 
effects of the endoportal and peripheral routes of 
insulin administration, but they too did not 
measure A-V glucose differences. In contrast 


to the results of the present study, Weisberg, 
Freidman, and Levine found a greater hypogly- 
cemic effect after the peripheral route of injection. 
This was attributed to the hepatic inactivation or 
destruction (21-23) of insulin following portal 
injection. However, in all but two of their ex- 
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periments insulin known to contain glucagon was 
used. The use of glucagon-containing insulin may 
have obscured any differences in the metabolic 
effects of insulin given endoportally and peripher- 
ally for at least two reasons: the hepatic glyco- 
genolytic effect of the glucagon may have counter- 
balanced or masked the hepatic effect of insulin; 
glucagon may have augmented peripheral glucose 
utilization (6, 24). For these reasons the effects 
obtained with insulin known to contain glucagon 
are not comparable to those obtained with glu- 
cagon-free insulin. 

The data suggest that the secretion of insulin 
into the portal vein has physiologic significance. 
By traversing the liver first, a greater hepatic 
effect and a smaller peripheral effect of insulin ap- 
pear to be forthcoming, compared to that which 
follows the peripheral administration. This physi- 
ologic balance between the magnitude of the he- 
patic effect and the magnitude of the peripheral 
effect is apparently not duplicated by the periph- 
eral administration of insulin. This finding may 
be of particular importance in experiments de- 
signed to demonstrate an hepatic effect of insulin 
and in the study of possible betacytotropic agents 
such as tolbutamide which may stimulate the en- 
dogenous secretion of insulin (25). The dispa- 
rate views concerning the hepatic effect of insulin 
(11-13) and also the comparative effects of tol- 
butamide and insulin on peripheral utilization and 
glucose intermediaries (26-28) may have their 
explanations in the data herein presented. 


SUMMARY AND CONCLUSIONS 


Sixteen experiments were performed on eight 
dogs. In each dog during one experiment, glu- 
cagon-free insulin was administered via the por- 
tal vein to simulate the route traversed by en- 
dogenously secreted insulin and during the other, 
the same dose was administered into a peripheral 
vein in the foreleg. The endoportal administra- 
tion of insulin resulted in the same degree of ar- 
terial hypoglycemia as the peripheral route of 
administration, and in a significantly reduced aug- 
mentation of peripheral glucose utilization, as evi- 
denced by changes in the A—V glucose difference. 
These data suggest that a physiologic difference in 
the metabolic pattern, after insulin administration, 
occurs depending upon the route of administra- 
tion. Endogenous insulin secreted into the portal 
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vein may eventuate in a physiologic balance be- 
tween the magnitude of the hepatic effect and the 
magnitude of the peripheral effect, which is ap- 
parently not duplicated by the peripheral adminis- 
tration of insulin. 
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The importance of hyperventilation in metabolic 
acidosis in minimizing the shift in blood pH is 
well known. It has been generally assumed that 
the stimulus for this augmented ventilation is the 
increased hydrogen ion concentration of the blood. 
If such were the case, it might be further assumed 
that during recovery from metabolic acidosis, the 
ventilation and hence the carbon dioxide tension 
would be adjusted in accordance with the pH of 
the blood. 

This report presents data bearing upon the re- 
covery of acid-base equilibrium in patients with 
metabolic acidosis due to diabetes, to diarrheal 
disease and to renal disease. The results show 
the frequent occurrence of normal or even alkaline 
blood pH values associated with reduced pCO, 
values during the recovery phase, and imply that 
some degree of hyperventilation persists in the 
absence of a measurable chemical stimulus in the 
blood. 


METHODS 


The data presented include measurements of whole 
blood pH, plasma carbon dioxide content, and calculated 
plasma carbon dioxide tension (pCO,) in 10 children and 
1 adult with diabetic acidosis, in 27 infants and children 
with diarrheal acidosis, and in 3 children and 5 adults 
with uremic acidosis who were studied on the wards of 
the North Carolina Memorial Hospital, Chapel Hill, and 
the L.S.U. division of Charity Hospital, New Orleans. 
In nearly every instance, heparinized venous blood 
drawn without stasis was used; the remaining few de- 
terminations were performed on arterial blood. 

Whole blood pH was determined by the glass electrode, 
either at 37° C., or at room temperature and corrected 
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to 37° C. using Rosenthal’s (1) temperature coefficient. 
Total carbon dioxide content was determined by the 
method of Van Slyke and Neill (2). Plasma carbon 
dioxide tension (pCO.) was calculated according to the 
Henderson-Hasselbalch equation, using a value of 6.11 
for pK’ and a CO, solubility factor of 0.0311 (3). 


RESULTS 
Diabetic acidosis 


Figure 1 shows the acid-base data for the dia- 
betic patients, together with similar data from vari- 
ous sources in the literature (4-11). In this and 
in subsequent figures, the total carbon dioxide 
content of the plasma is plotted logarithmically on 
the ordinate, while whole blood pH is plotted on 
the abscissa. On such a plot, the loci for various 
values of carbon dioxide tension for arterial blood 
at 37° C. are defined by the nearly straight lines 
which transect the major axes. Two points are 
plotted for each patient, the first representing the 
data obtained prior to treatment, and the second 
representing the earliest observation of a normal 
or alkaline pH after institution of treatment. The 
latter point was obtained in two hours to four 
days; in 39 of 51 patients this observation was 
within 24 hours. 

Prior to treatment, all patients were in metabolic 
acidosis, the average pH for the entire group be- 
ing 7.08, and the average total carbon dioxide 
content being 7.4 mM per L. All patients re- 
ceived insulin and parenteral fluids, and in some 
instances (literature cases only), large amounts 
of either sodium bicarbonate or sodium lactate. 

The post-treatment data show that most of the 
patients attained blood pH values of 7.35 or 
greater, while the pCO, was still low. This is 
unequivocally the case in 39 of the 51 patients. 
These findings are especially significant in view 
of the fact that over two-thirds of the data of Fig- 
ure 1 was obtained from venous blood; had ar- 
terial data been available, the pCO, values would 
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have been even lower than those shown in the 
figure. 


Diarrheal acidosis 


Data similar to those of the diabetic patients are 
shown in Figure 2 for 27 infants and children 
with diarrhea, along with similar data from the 
literature (12). The initial data show. that all 
patients were in a state of metabolic acidosis 
(average pH, 7.22; average CO, content, 13.3 
mM per L.). Although the post-treatment point 
on each patient was, in general, reached at a longer 
interval after the first than in the diabetic subjects 
(24 of the 42 within 2 days; range, 6 hours to 
17 days), the same phenomenon is apparent in 
these cases also in that 30 of the 42 patients 
achieved a normal or supernormal pH associated 
with a pCO, of less than 40 mm. Hg. Here, too, 


Drasetic AcIposIs 


the use of acid-base data from venous blood masks 
the even greater depression of pCO, present in the 
arterial blood of the patients. 


Uremic acidosis 


In Figure 3 are shown data derived from a 
study of eight uremic patients before and from 14 
hours to 4 days after therapy consisting of rehy- 
dration, which in most instances included sodium 
bicarbonate infusions. Also shown are data of 
Yeomans and Stueck (13) on four patients man- 
aged in a simliar manner, as well as data from the 
report of Weller, Swan, and Merrill (14) on 
uremic patients before and from four to six hours 
after extracorporeal dialysis. As in the case of 
the patients with diabetic and diarrheal acidosis, 
most of the patients with uremic acidosis attained a 
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normal or alkaline pH associated with distinctly 
depressed values for pCO,. 


DISCUSSION 


The data presented clearly show that a majority 
of the patients recovering from diabetic acidosis 
pass through a point at which the pH is normal 
or elevated but the pCO, is depressed. This ob- 
servation, apparently first made by Peters (15) in 
1917, has been repeatedly confirmed (4-11, 16) in 
diabetic patients. 

Delayed return of pCO, to normal appears to be 
a feature not unique to diabetic acidosis, since a 
similar phenomenon was observed in patients re- 
covering from diarrheal acidosis and uremic aci- 
dosis. Furthermore, published observations by 
others (17, 18) on subjects recovering from am- 


monium chloride acidosis show a similar pattern 
(see Figure 3). 

The findings of pCO, values lower than normal 
suggest that hyperventilation is in some measure 
sustained, a contention supported by ventilation 
measurements reported by Kety, Polis, Nadler, 
and Schmidt (8). The mechanisms underlying 
the continued hyperventilation by such patients 
are not clear. It is apparent that within the con- 
fines of Gray’s multiple factor theory for the 
chemical control of pulmonary ventilation (19) 
there is no discernible stimulus in the arterial 
blood for the augmented ventilation, since pCO, 
is reduced, hydrogen ion is either normal or re- 
duced, and pO, is presumably elevated due to the 
hyperventilation. 

One explanation might be that the sensitivity of 
the respiratory center to pCO, and/or hydrogen 
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ion has been increased. Increased sensitivity, as- 
sessed by a change in the slope of the curve re- 
lating the alveolar ventilation ratio to arterial 
pCO, during inhalation of various concentrations 
of carbon dioxide, has indeed been demonstrated 
in other situations in which there has been sus- 
stained hypocapnia but with alkalosis ; viz., passive 
hyperventilation of normal subjects (20) and 
acclimatization to high altitude (21). The op- 
posite response, decreased sensitivity to pCO,, 
has been adequately demonstrated in chronic 
hypercapnic states (22-25). 

Direct studies dealing with the sensitivity to 
pCO, of subjects with metabolic acidosis have 
been reported in only a few instances. Tenney 
(22) showed a clearcut increase in one patient 
with a chronic ammonium chloride acidosis and 
a reversion to normal after full recovery from the 





acidosis. Alexander, West, Wood, and Richards 
(23) found increased sensitivity in one of three 
patients with mild degree of metabolic acidosis 
secondary to chronic renal disease, while Nielson 
(26) detected only slight or no change with acute 
ammonium chloride acidosis. These conflicting 
results obtained by different investigators may 
be due to the different intensities and different 
durations of the acidosis present in the subjects 
and are not necesarily incompatible with the ex- 
planation offered for the findings reported above. 

The mechanisms mediating increased sensitivity 
of the respiratory center are not understood. A 
reduction in the buffer capacity of the blood is 
hardly a single satisfactory explanation, since this 
would not explain the development of the frankly 
alkalotic pH values which were observed in some 
of the patients. 
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It is likely that the mechanism of increased sen- 
sitivity involves alteration of local chemical con- 
ditions, 7.¢., in the cells of the respiratory center 
or in the cerebrospinal fluid. In this connection, 
it is pertinent to note that recent experiments by 
Leusen (27) and by Winterstein and Gokhan 
(28) have shown that the pH of the spinal fluid 
varies directly with that of the blood in acute 
respiratory disturbances of acid-base equilibrium, 
but inversely with that of the blood in acute meta- 
bolic disturbances. These findings imply that 
carbon dioxide freely permeates into spinal fluid 
but that bicarbonate does not. In more prolonged 
experiments (up to 48 hours) in cats with am- 
monium chloride acidosis, the carbon dioxide 
combining power of the spinal fluid did fall, but 
the degree was not quantitatively comparable 
with that observed in the blood (29). A lag in 
recovery of bicarbonate in spinal fluid of the order 
suggested by these studies might provide a mecha- 
nism for the change in sensitivity. 

With respect to changes within the buffer con- 
tent of the cells themselves, Brown found a re- 
duced buffering capacity of the homogenates of 
brains of guinea pigs who had hyperventilated 
secondary to hypoxia (30). The magnitude of 
the change was such as to suggest that a real 
change in the buffer content of the intracellular 
fluids had occurred and the results obtained were 
not explicable solely by a change in the extracel- 
lular phase of the tissue. 

In terms of the concept of alteration of local 
chemical environment, the findings observed in 
subjects recovering from metabolic acidosis could 
be explained if there was a significant lag in the 
recovery of the buffer capacity of the cerebrospinal 
fluid or the cells themselves, whereby respiration 
and hence carbon dioxide tension were controlled 
primarily by local conditions rather than by the 
pH and pCO, of the arterial blood. 


SUMMARY 


1. Patients recovering from diabetic, diarrheal 
or uremic acidosis frequently pass through a phase 
at which blood pH is normal or supernormal but 
at which pCO, is still depressed. This suggests 
that there is sustained hyperventilation on the part 
of such patients even though they are no longer 
acidotic. 
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2. It is suggested that such patients may have 
an increased sensitivity of the respiratory center 
to pCO, and/or hydrogen ion to account for the 
continuing hyperventilation. 
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An enhancement of the uptake of Co*-labeled 
vitamin B,, by rat liver slices in the presence of 
hog intrinsic factor concentrate (HIFC) was re- 
ported by Miller, Raney, and Hunter (1), and 
has been confirmed by Latner and Raine (2). 
This report is concerned with the mechanism of 
this enhancement. A preliminary report of this 
work has been presented (3). 


MATERIALS AND METHODS 


The basic protocol for each experiment was the fol- 
lowing: a healthy adult male rat of the Sherman strain 
was sacrificed. His liver was immediately removed and 
placed in 0.9 per cent NaCl at 0° C. The liver was sliced 
with a Stadie-Riggs microtome designed to prepare 
slices 0.5 mm. thick. Each slice was immediately placed 
in a 20 ml. beaker containing 5 ml. of incubation medium 
and kept in a mixture of water and crushed ice at 0° C. 
The standard incubation medium was Hastings’ bicarbo- 
nate buffered at pH 7.8 (4). The beaker and medium 
were weighed before and after addition of the slices, and 
the weight of the slices was calculated by difference. 
The weight of liver slices used was 200 to 300 mg. per 
incubation vessel. 

Incubation medium was then added to each beaker 
to a final volume of medium in milliliters equal to 30 
times the weight of the slices in grams (i.e., when the 
slices were calculated to weigh 0.2 Gm., the volume of 
the medium was made up to 6 ml.). 

A preparation of HIFC% was next added, contained 
in a volume of 0.9 per cent NaCl equal to 10 per cent 
of the final volume of the incubation medium (i.e., when 
the final volume of the medium was 6 ml., the HIFC was 
added in 0.6 ml. of 0.9 per cent NaCl). Vitamin B,.- 
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Health Service and in part by a grant from Lederle 
Laboratories, Pearl River, New York. 
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liams and Dr. L. Ellenbogen, Lederle Laboratories, 
Pearl River, New York. This preparation was clini- 
cally active in a daily oral dose of 1 mg., as determined 
by urinary excretion studies of the Schilling type (5). 


Co”+4 (specific activity 1 wc. per wg.) was then added, 
also in a volume of 0.9 per cent NaCl equal to 10 per 
cent of the final volume of the incubation medium. 
Equivalent volumes of 0.9 per cent NaCl, without HIFC, 
but with vitamin B,.-Co”, were added to control samples. 
The final concentration of vitamin B,.-Co” was 830 pug. 
(830 X 10% Gm.) and that of HIFC was 0.27 ug. per ml. 
This concentration of vitamin B,.-Co”® was chosen as a 
convenient compromise between the upper limits of the 
physiologic level of vitamin B,, in rat serum and the 
lower limits of adequate vitamin B,.-Co” for accurate 
scintillation counting. At this concentration of vitamin 
B,.-Co™, adsorption onto glass was very slight. 

Incubation was performed in a Dubnoff metabolic 
shaker-incubator. The gas phase was 95 per cent O.-5 per 
cent CO,, shaking was at 92 cycles per minute, and the 
period of incubation was three hours. 

At the termination of incubation, the supernatant solu- 
tion was decanted and the slices were washed in 30 vol- 
umes of incubation medium at 3° C. After washing, the 
slices were incubated for five minutes in another 30 vol- 
umes of incubation medium at 37.5° C., the medium was 
decanted, and a final wash in 30 volumes of incubation 
medium at 3° C. was performed. 


TABLE I 


Uptake of vitamin By:—Co™ by rat liver slices in three 
incubation media—hog intrinsic factor concentrate 











Counts 
per minute 
per gram 
Incubation medium of slices 
Experiment A: 
Standard Control 280 
HIFC* 2,020 
Experiment B: 
Standard, with Control 140 
pyruvate added HIFC 1,330 
Krebs-Ringer Control 220 
phosphate HIFC 750 
HIFC xX 4.3 860 
HIFC xX 0.05 220 





* Hog intrinsic factor concentrate. 


4 Purchased from Merck, Sharpe & Dohme, Rahway, 


New Jersey, as a stock solution containing 1 wg. vitamin 
B,.-Co™ per ml., with a specific activity of 1 uc. per ug. 
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Radioactivity retained in the slices was determined in 
a well-type scintillation counter. Each sample was 
counted for a minimum of 10,000 counts. Radioactivity 
was expressed as counts per gram of wet liver slices 
per minute. 

All experiments were done in duplicate. In each table, 
the counts of duplicate samples have been averaged and 
the average reported. Individual samples rarely ex- 
ceeded a 5 per cent deviation from the average, except 
where total counts were less than 300. 


RESULTS 
Buffers 


In standard medium, with or without added py- 
ruvate (4), the uptake of vitamin B,,-Co® by 


TABLE II 


Effect of altering the ionic composition of the incubation 
medium on vitamin By—Co™ uptake of rat liver 
slices in the presence or absence of added 
hog intrinsic factor concentrate 











Counts 

per minute 

per gram 

Incubation medium of slices 

Experiment F: 
Standard Control 370 
HIFC* 2,620 
Standard with bicarbonate Control 420 
replaced by chloride HIFC 1,410 
Standard with magnesium Control 440 
replaced by potassium HIFC 2,640 
Standard with calcium Control 390 
replaced by potassium HIFC 40 
Experiment G: 

Standard Control 340 
HIFC 1,160 
Standard with potassium Control 350 
replaced by sodium HIFC 1,480 
0.9% NaCl Control 810 
HIFC 150 
0.9% NaCl containing Control 400 
10 mM CaCl, HIFC 1,260 





* Hog intrinsic factor concentrate. 


liver slices incubated with HIFC is as much as 
tenfold that observed in controls (Table I). 

In Krebs-Ringer phosphate buffer at pH 7.2 
(6), addition of HIFC resulted in uptakes of vita- 
min B,,-Co® that were two to three times greater 
than controls (Table 1). The effect of HIFC is 
not manifested at a 1:20 dilution and is increased 
only slightly, if at all, by a 4.3-fold concentration 
of HIFC. 

The importance of buffer per se is open to ques- 
tion, since 0.9 per cent NaCl containing CaCl, was 
as good as the best buffer studied (Table II). 


TABLE III 
Effect of heating or 2,4-dinitrophenol on ability of rat liver 
slices to take up vitamin By—Co in the presence or 


absence of active or heat inactivated hog 
intrinsic factor concentrate 











Counts 
per minute 
per gram 
of slices 
Experiment C: 
Standard experimental Control 250 
conditions HIFC* 2,090 
Slices preheated Control 190 
HIFC 190 
2,4-dinitrophenol added Control 230 
HIFC 2,060 
Experiment D: 
Standard experimental Control 560 
conditions HIFC 1,790 


HIFC heated 10min. 650 


Experiment E: 
Control 420 


HIFC 930 
HIFC heated 15min. 430 


Incubation for 1 hour 





Heating liver slices 


Immersion of the beaker containing liver slices 
in a boiling water bath for 10 minutes prior to 
incubation had no measurable effect on the re- 
tained radioactivity of control liver slices (Table 
III). However, such heating abolished the en- 
hancement of vitamin B,,-Co® uptake associated 
with the addition of HIFC. 


Heating HIFC 


The addition of HIFC which had been heated 
in a water bath at 100° C. resulted in slight, if 
any, enhancement of uptake of vitamin B,,-C® 
(Table III). The differences in increase of up- 
take with unheated HIFC in experiments C and 
D are due to variation from rat to rat. 


2,4-dinitrophenol 


Addition of 2,4-dinitrophenol in a concentra- 
tion of 10M did not diminish the influence of 
HIFC on the uptake of vitamin B,,-Co® (Table 
IIT). 


Time of incubation 


In the presence of HIFC, the rise in vitamin 
B,,-Co® uptake throughout the first hour appears 
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to be quite rapid, with decrease in uptake per 
unit time appearing subsequently (Figures 1 
and 2). 


Temperature 


It is noteworthy that the effect of HIFC in en- 
hancing the uptake of vitamin B,,-Co® is demon- 
strable at 3° C. as well as at 37.5° C. (Figure 2). 


Ionic composition of incubation medium 


Each of the ions of the standard medium, with 
the exception of chloride, was replaced in turn 
with an equivalent millimolar concentration of 
another ion present in the incubation medium 
(Table II). 

No significant effect on vitamin B,,-Co® uptake 
was observed in control slices regardless of the 
ion replaced. The enhancing effect of HIFC 
was demonstrable in the absence of any one ion 
except calcium. In the absence of calcium, HIFC 
actually decreases the uptake of vitamin B,,-Co®. 
Unpublished observations indicate the explanation 
of this phenomenon is that the vitamin B,,-Co® is 
all bound to HIFC, and therefore unavailable to 
the liver slices except in the presence of calcium. 

Incubation of liver slices in 0.9 per cent NaCl 
with and without added calcium results in uptakes 
of vitamin B,,-Co® similar to those observed in 
the standard medium with and without calcium 
(Table IT). 
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The uptake of vitamin B,,-Co® in the presence 
of added HIFC was greater at a concentration of 
10 mM calcium than at1 mM. At 0.1 mM, there 
was no enhancing effect on addition of HIFC 
(Table IV). 

The possibility was investigated that a divalent 
ion close to calcium in the periodic table might 
substitute for calcium. Strontium was found to be 
an effective substitute ; other ions studied were not. 
These included: magnesium, cobalt, barium, cad- 
muim, mercury, tin, zinc, and beryllium. For 
these studies Krebs-Ringer solution buffered at 
pH 7.5 with 0.1 M trishydroxy-amino-methane 
buffer (7) was used. In this buffer, 10 mM con- 
centrations of all the ions tested could be reached, 
(except in the cases of barium, tin, and zinc, 
where somewhat lower concentrations had to be 


used). 


Effect of ethylenediaminetetraacetate (EDTA) 


Liver slices were incubated for one hour and 
then washed in the standard manner. Aliquots 
were incubated for a second hour in 20 volumes 
of standard buffer, to which was added 2 volumes 
of 2 Gm. per cent disodium ethylenediaminetetra- 
acetate dihydrate (EDTA) or 2 volumes of 0.9 
per cent NaCl. 


oWithout added HIFC; 37.5°C 
©With added HIFC; 37.5° C 
sWithout added HIFC; 3° C 
sWith added HIFC;3°C 


C08? &)2 counts / min. /ml.medium 
before incubation: 612 
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INTRINSIC FACTOR EFFECT ON LIVER VITAMIN B,, UPTAKE 


As noted in Table V, the addition of EDTA did 
not bring about any greater loss of vitamin B,,- 
Co® from controls than did the addition of 0.9 
per cent NaCl. However, the addition of EDTA 
markedly reduced the amount of vitamin B,,-Co® 
retained in liver slices previously incubated in the 
presence of added HIFC. 


Heparin, chondroitin sulfate, and orosomucoid 


No increase in vitamin B,,-Co® uptake by rat 
liver slices was demonstrated on addition to the 
incubation medium of heparin, chondroitin sul- 
fate,> or orosomucoid,® in concentrations of 0.26 
or of 8.3 wg. per ml. of incubation medium. 


DISCUSSION 


The studies here reported demonstrate certain 
aspects of the enhancement of the uptake of vitamin 
B,.-Co® by rat liver slices in the presence of HIFC. 
The enhancement occurs in the cold as well as at 
37.5° C. It is observable only in the presence of 
calcium (or strontium) in adequate concentration. 
It does not occur if either the liver slices or the 
HIFC are heated prior to incubation. The pres- 
ence of 2,4-dinitrophenol in 10-* M concentration 
does not diminish the effect of HIFC. The major 
portion of the vitamin B,,-Co® taken up by rat 
liver slices in the presence of HIFC may be sub- 
sequently removed by incubation in the presence 


of EDTA. 


TABLE IV 


Effect of varying the calcium concentration of the incubation 
medium on the vitamin By—Co® uptake of rat liver 
slices in the presence or absence of added 
hog intrinsic factor concentrate 











Counts 
Calcium per minute 
concentration per gram 
(mM) e of slices 
10.0 Control 860 
HIFC* 3,170 
1.0 Control 680 
HIFC 1,880 
0.1 Control 630 
HIFC 570 
0.01 Control 630 
HIFC 470 





* Hog intrinsic factor concentrate. 


5 Kindly provided by Dr. D. Hamerman. 
6 Kindly provided by Dr. G. B. J. Glass, from a lot pre- 
pared by Dr. R. J. Winzler. 
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TABLE V 


Effect of ethylenediaminetetraacetate on retention by rat liver 
slices of vitamin Byz—Co™ taken up previously in 
the presence or absence of added hog 
intrinsic factor concentrate 








Counts 





per minute 
Second incubation et ny 
Not performed Control 490 
HIFC* 1,210 
Performed, no EDTA} added Control 290 
HIFC 900 
Performed, EDTA added Control 290 
HIFC 360 





* Hog intrinsic factor concentrate. 
t Ethylenediaminetetraacetate 


These data suggest that the mechanism whereby 
HIFC enhances vitamin B,,-Co® uptake by rat 
liver slices is physical rather than metabolic. 
Should this interpretation be correct, the possi- 
bility would remain that vitamin B,,-Co® held to 
the liver slice by HIFC might subsequently be 
acted on by metabolic processes within the cell. 

Heparin, chondroitin sulfate, and orosomucoid 
do not increase vitamin B,,-Co® uptake by rat 
liver slices. This would indicate that enhance- 
ment of vitamin B,, uptake is not a nonspecific 
property of any mucopolysaccharide or muco- 
protein. 


SUMMARY 


Vitamin B,, uptake by rat liver slices is en- 
hanced markedly in the presence of hog intrinsic 
factor concentrate. This enhancement is ob- 
servable at 37.5° C., at 3° C., and in the presence 
of 10-*M 2,4-dinitrophenol. It requires calcium 
(or strontium), and is reversible to an appreci- 
able extent by EDTA. 
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STUDIES OF RIBOSE METABOLISM. 


Ill. THE PATHWAY OF 


RIBOSE CARBON CONVERSION TO GLUCOSE IN MAN * 
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The conversion of ribose carbon to hexose via 
the reactions of the pentose phosphate pathway 
has been observed in studies with rat liver ho- 
mogenates (1), rat liver slices (2), and in the 
intact mouse (3). Since most of these reactions 
are reversible (4), they provide mechanisms not 
only for ribose conversion to hexose, but for ri- 
bose synthesis as well. Indeed, recent work has 
demonstrated that a human carcinoma cell in 
tissue culture (5) as well as the intact human 
subject (6) synthesize ribose via this pathway. 
This report provides further evidence that in man 
the reactions of this pathway mediate the inter- 
conversion of ribose and glucose. p-Ribose spe- 
cifically labeled with radioactive carbon was given 
to a patient with inoperable carcinoma. Isotope 
distribution in glucose subsequently isolated from 
this patient’s blood is consistent with the con- 
version of ribose carbon to hexose via the pen- 
tose phosphate pathway. 


METHODS 


Sixty microcuries of p-ribose-1-C* (24 mg.) in 10 
ml. of isotonic saline was sterilized by passage through a 
sintered glass bacteriological filter. This solution was 
administered intravenously to a 75 year old female 
three hours after breakfast. The patient was suffering 
from carcinoma of the head of the pancreas, demon- 
strated to be inoperable on abdominal laparotomy, but 
her fasting blood sugar level, renal function, and he- 
patic parenchymal function (serum thymol turbidity, 
cephalin flocculation, albumin and globulin, and cho- 
lesterol, total and esterified) were normal. Fifteen min- 
utes and two hours following the ribose injection, 50 ml. 
of heparinized blood was removed from an antecubital 
vein of the opposite arm. The blood was treated with 3 
ml. of 70 per cent perchloric acid, and the protein precipi- 
tate removed by centrifugation and washed with 10 ml. of 
water. The supernatant solution and wash were brought 
to pH 7.0 with 5.0 N KOH, and the insoluble potassium 
perchlorate removed by centrifugation. The super- 
natant solution was treated with barium hydroxide and 
zinc sulfate (7) to remove a small amount of residual 


1This investigation has been aided by grants from 
the Jane Coffin Childs Memorial Fund for Medical Re- 
search and from the National Cancer Institute (C-3151), 
United States Public Health Service. 


protein. Following centrifugation the clear supernatant 
solution was reduced to a volume of approximately 30 ml. 
by lyophilization and then deionized by passage through 
a mixed bed resin (Amberlite MB-3, Fisher Scientific 
Co.). Since the effluent contained radioactive material 
other than glucose, further purification was carried out 
by phosphorylation of the glucose, adsorption of the sugar 
phosphate on an ion-exchange resin, washing the phos- 
phate ester free of contaminants, elution of the ester, and, 
finally, dephosphorylation. One-half of the deionized 
solution, containing approximately 200 micromoles of 
glucose, was brought to pH 7.6 with 0.1 N KOH and 
treated with 400 micromoles of adenosine triphosphate 
(ATP), first brought to pH 7.6, 100 micromoles of 
MgCl., and 10 mg. of crude yeast hexokinase (8). The 
mixture was stirred magnetically at 25° C. in a beaker 
in which external electrodes from a Beckman pH meter 
were suspended. The reaction was followed by meas- 
uring the quantity of 0.1 N NaOH required to maintain 
the pH, since for every mole of glucose phosphorylated, 
one mole of acid is produced (8). Following phosphory- 
lation of 82 per cent of the glucose, the mixture was ad- 
sorbed on Dowex-l-acetate (the chloride form of the 
resin is equally satisfactory). The resin was washed 
with several volumes of water until the effluent was free 
of radioactivity, and the glucose-6-phosphate was eluted 
with 0.1 N HCl. The eluate was neutralized with 1.0 N 
KOH, and the volume reduced to 5.0 ml. by lyophiliza- 
tion. The pH was adjusted to 5.0, and the ester was de- 
phosphorylated by treatment with 10 mg. of acid phos- 
phatase at 37° C. for three hours. The solution was 
then deproteinized with perchloric acid and deionized as 
described above. An aliquot of this solution was chro- 
matographed in butanol-acetic acid-water (9), and was 
found to contain a single radioactive spot on radio- 
autography. 

Glucose was degraded by incubation with Leuconostoc 
mesenteroides (10). The fermentation products were 
converted to BaCO, by techniques which have been sum- 
marized elsewhere (11), and which permit the isolation 
of each carbon atom of the glucose molecule free of the 
others. In order to determine whether added glucose-6- 
phosphate could be degraded by L. mesenteroides the 
sugar phosphate was incubated with a lyophilized prepa- 
ration of the organism. The lyophilized bacteria fer- 
mented glucose actively, but had no discernible effect on 
the phosphate ester. Thus, the dephosphorylation step 
was required prior to further degradation of the isolated 
sugar. 

Chemical and enzymatic procedures. Ribose was ana- 
lyzed by the orcinol procedure (12) and glucose by the 
method of Nelson (13) and Somogyi (7). Glucose-6- 


651 











652 HOWARD H. HIATT 


phosphate was assayed spectrophotometrically with glu- 
cose-6-phosphate dehydrogenase and triphosphopyridine 
nucleotide (TPN) (14). 

Materials. Ribose-1-C** was obtained from the Na- 
tional Bureau of Standards through the courtesy of Dr. 
H. S. Isbell. Crude yeast hexokinase, glucose-6-phos- 
phate dehydrogenase, TPN, and ATP were purchased 
from Sigma Chemical Co. Glucose-6-phosphate was 
purchased from Schwarz Biochemical Co. 

Radioactivity determinations were carried out with a 
“micromil” end-window counter with a counting effi- 
ciency of approximately 20 per cent. Barium carbonate 
was counted at “infinite” thickness and all other samples 
at “infinite” thinness. 


RESULTS 


Blood glucose samples, obtained 15 minutes and 
2 hours following the injection of ribose-C**, had 
specific activities of 395 and 133 counts per min- 
ute (cpm) per mg., respectively. 

The degradation data are presented in Table I. 
Radioactivity was found predominantly in carbons 
1 and 3 of the glucose molecule, with the latter 
more active than the former. The isotope pattern 
in the sample isolated at 2 hours was virtually 
identical with that observed in the 15 minute 
specimen, and very similar to the distribution of 
radioactivity in mouse (3) and in rat (15) liver 
glycogen isolated following ribose-1-C** adminis- 
tration (Table I). 

The unlikely possibility that trace quantities of 
radioactive ribose remaining in the circulation 
could have contributed to the isotope pattern can 
be ruled out as a result of a previously reported 
investigation (3). In this study a mixture of 














unlabeled glucose and ribose-1-C’* was degraded 
by L. mesenteroides. No radioactivity was found 
in carbons 1 or 3, the sites of major isotope con- 
centration in the blood glucose of the patient given 
ribose-1-C**. 

DISCUSSION 


The fraction of ribose carbon which was con- 
verted to blood glucose within the 15 minutes fol- 
lowing ribose administration may be calculated 
from the product of the specific activity of the 
blood glucose [395 cpm per mg.], the blood glu- 
cose concentration [90 mg. per 100 ml.], and the 
glucose space [24 per cent (16) of the patient’s 
body weight, 50 kilograms]. This figure, 4.80 x 
10° cpm, which represents 16 per cent of the ad- 
ministered radioactive carbon, is a minimal one, 
for it does not include the glucose catabolized dur- 
ing the 15 minutes following ribose administration. 
Six to fifteen per cent of the administered radio- 
activity was found in liver glycogen of mice given 
ribose-1-C** (3). 

Studies with plants, bacteria and animals sug- 
gest a uniformity in the pathway of conversion of 
ribose to hexose (4). The pentose must first be 
phosphorylated, and a specific kinase for this reac- 
tion has been isolated from mammalian liver (17). 


1) Ribose + ATP = ribose-5-phosphate + ADP 
(adenosine diphosphate) 


This pentose phosphate may then be converted 
to hexose phosphate via the nonoxidative series 
of reactions of the pentose phosphate pathway : 








wei al H.C*OH sy fe 
HCOH C=O C=O 
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H»C*OH 
bo H.C*OH 
HOCH bo 
A HCOn Transaldoleee. oder HCO 
HCOH + HCO HCOOH + HOH 
HCOH HOH HCOH HoH 
H,¢—OP0,- Hs¢—OPO,- H,¢—OPO,- H2C—OPO;- 
Sedoheptulose P Triose P Fructose P Erythrose P 
H:C*OH 
H2C*OH C=O 
3 bo HCO Transketolase HOCH 
‘ HOCH + HCOH oe ee ee 
HCOH HcoH HCOH H¢oH 
Hie —OPO;= H,¢—OPO,- Hs_OPO," Hs_OPO,- 
Xylulose P Erythrose P Fructose P Triose P 


To summarize these reactions, three molecules 
of ribose phosphate would give rise to two mole- 
cules of fructose phosphate and one of triose phos- 
phate. Radioactivity, originally introduced in the 
first carbon atom of pentose, is denoted by an 
asterisk in reactions 2 through 5. In reaction 3 
the first two carbons of xylulose phosphate are 
transferred to ribose phosphate. Thus, carbon 1 
(C-1) of the product, sedoheptulose phosphate, is 
derived from the first carbon of one molecule of 
pentose and carbon 3 from C-1 of the other. 
Since in reaction 4, the first three carbons of fruc- 
tose-6-phosphate are derived from the first three 
carbons of sedoheptulose, then carbons 1 and 3 
of hexose originate from carbon 1 of ribose. 
Hence, if hexose is synthesized from ribose via 
these reactions, radioactivity introduced in posi- 
tion 1 of ribose should appear in carbons 1 and 3 
of hexose. Such was indeed found to be the case 
in the blood glucose isolated from the patient in- 











jected with ribose-1-C** (Table I); this glucose 
was labeled almost exclusively in carbons 1 and 3. 
The striking similarity of isotope distribution in 
this glucose with mouse and rat hexose synthesized 
from ribose carbon is consistent with ribose to 
hexose conversion via the same pathway in all 
three species. 

The mechanism which accounts for the pre- 
dominance of isotope in carbon 3 as compared to 
carbon 1 has been discussed in detail elsewhere 
(3). To summarize briefly, it has been shown that 
fructose-6-phosphate as well as xylulose phos- 
phate may act as the donor of “active glycolalde- 
hyde,” the term applied to the two-carbon frag- 
ment transferred in the transketolase reaction 
(reaction 3) (18). If ribose-1-C’*-phosphate 
were the acceptor in this reaction and unlabeled 
fructose phosphate were the donor, sedoheptu- 
lose-3-C1*-phosphate would be the product: 


H,COH 
H,COH C=0 
boo HC*O HOCH 
--|-- | Transketolase | 
6) HOCH + HCOH eat EAE + 

HCOOH HCOH HCOH HCO 
HoH HOH HCOH HCOH 
H,COPO,- H,COPO,- H,COPO.- H.COPO;> 
Fructose P Ribose P Sedoheptulose P Triose P 
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TABLE I 


Distribution of radioactivity in human blood glucose and in 
animal liver glycogen after administration 
of ribose-1-C' 








Per cent total activity in glucose] 4 
carbon atoms «.@ 








Sample C-1 C-2 C-3 C4 C5 C6 
15 minute glucose 30.1 0.9 66.7 1.59804 0.4 
2 hour glucose 31.4 10 654 14 04 O04 
Mouse glycogen*® 49 35 S20 45 30 30 
Rat glycogen!® (32.7 2.7 S82 25 1.7 2.2 





The transfer of the first three carbons of sedohep- 
tulose-3-C** to triose phosphate in the transaldolase 
reaction (reaction 4) would result in the produc- 
tion of hexose-3-C'*-phosphate. Since in our 
study the ribose was administered in tracer quan- 
tity, nonradioactive fructose phosphate, a normal 
intracellular component, was undoubtedly present 
in large quantity relative to that xylulose-1-C**- 
phosphate derived from ribose-1-C** in reaction 2. 
Hence, the amount of available unlabeled “active 
glycolaldehyde” (derived from fructose phos- 
phate) was considerably greater than the amount 
of radioactive “active glycolaldehyde” (derived 
from xylulose-1-C**-phosphate). In the trans- 
ketolase reaction the acceptor molecule was ribose- 
1-C**, which transferred its radioactivity to posi- 
tion 3 of the product (reactions 3, 4, and 6). The 
isotope concentration in carbon 1 of the hexose 
product, however, was diluted to an extent de- 
pendent on the proportion of nonradioactive to 
radioactive “active glycolaldehyde” participating 
in the reaction. Evidence supporting this hypothe- 
sis has been presented in the previously cited re- 


port (3). 
SUMMARY 


Ribose specifically labeled with radioactive 
carbon was administered to an elderly female with 
advanced malignant disease. A method is de- 
scribed for the isolation of blood glucose. The iso- 
tope pattern in blood glucose isolated following 
the administration of ribose-1-C'* is consistent 
with the transformation of ribose carbon to glucose 
via the reactions of the pentose phosphate pathway. 
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Following the demonstration by Langdon and 
Bloch that squalene is efficiently converted to cho- 
lesterol in the tissues of the mouse, there has been 
considerable experimental activity relating to the 
role of this compound in cholesterol biosynthesis 
(1-5). Ina study of several aspects of this prob- 
lem in man, it was found in this laboratory that 
squalene in human sebum was labeled with radio- 
carbon following oral administration of acetate 
containing this isotope (6). Using tritium as an 
isotopic label, a hydrocarbon fraction containing 
squalene with high specific activity has been pre- 
pared and demonstrated to be a cholesterol pre- 
cursor in the mouse, and to a significant extent, in 
the human. In addition, the extent of conversion 
of squalene along metabolic pathways leading to 
respiratory carbon dioxide and lipid fatty acids 
was investigated in the mouse using squalene la- 
beled with radiocarbon. 


MATERIALS AND METHODS 


Tritium and radiocarbon assay. All tritium assays 
were made by internal gas phase counting of the hydro- 
gen gas obtained by combustion of the organic com- 
pound and complete conversion of the resulting water 
to hydrogen gas over powdered zinc. The hydrogen gas 
(admixed with methane to a total pressure of 70 cm. 
Hg) was counted in the upper portion of the propor- 
tional region (7). Radiocarbon assays were made by 
gas-flow windowless counting in the Geiger-Miiller re- 
gion. In the case of samples of respiratory carbon di- 
oxide with low activity (Tables IV and V), the more 
sensitive internal gas counting procedures described else- 
where were used (8, 9). 

Preparation of hydrocarbon fractions containing squa- 
lene-T and assay of total radioactivity. The reaction 
mixture consisted of 5.0 ml. redistilled squalene (Distil- 


1This investigation was carried out under contract 
AT (30-1)-910 with the United States Atomic Energy 
Commission and supported in part by grants from the 
National Cancer Institute (C-440) and National Heart 
Institute, United States Public Health Service. 

2Present address: Ulleval Hospital, Central Labora- 
tory, Oslo, Norway. 


lation Products Industries), 5.0 ml. water containing 
tritium (specific activity, 1 mc. per mM), 0.14 Gm. KOH 
and 1.0 Gm. powdered platinum catalyst, prepared by the 
reduction of platinum oxide with ordinary hydrogen gas. 
After removal of air, the glass ampul containing the 
reagents was sealed and shaken at 135° C. for 27 hours. 
In order to remove tritium in relatively labile positions 
and eliminate contaminating fats, the product was treated 
with aqueous alcoholic KOH under reflux conditions in a 
nitrogen atmosphere for four hours, then cooled and ex- 
tracted with petroleum ether. The latter solution was 
concentrated and chromatographed on alumina. The 
hydrocarbon fraction, which was eluted from the column 
with petroleum ether (60° C.), contained over 99.8 per 
cent of the tritium activity. The product was stored as 
a dilute solution in petroleum ether at refrigerator tem- 
peratures in order to minimize oxidation. This product 
(Sample I, the hydrocarbon fraction containing squa- 
lene-T) was used in the experiments described in Tables 
II and III. The specific activity, based on the hexa- 
hydrochloride derivative, was 0.5 wc. per mg. squalene. 
A second tritium-containing hydrocarbon fraction (Sam- 
ple Il) was prepared from Sample I via the thiourea 
adduct (10). One Gm. of Sample I, admixed with an 
equal weight of redistilled natural squalene, was shaken 
with 38 ml. of a saturated solution of thiourea in methanol. 
The crystalline adduct was allowed to precipitate at re- 
frigerator temperature. After filtering and washing 
with iso-octane, the precipitate was then decomposed 
with boiling water. The squalene was extracted with 
petroleum ether, which was then dried over sodium sul- 
fate and allowed to percolate through an alumina-packed 
column in order to remove oxygen-containing impurities. 
The total tritium activity per ml. of Samples I and II 
was measured by adding 0.10 ml. of a known dilution of 
these samples to 20 mg. cholesterol in a porcelain com- 
bustion boat. The boat was inserted into the combustion 
tube immediately in order to eliminate loss of squalene 
by surface film effects during solvent evaporation. After 
removal of the solvent under reduced pressure, the resi- 
due in the boat was combusted in the usual manner. The 
total voume of hydrogen gas corresponded to at least 99 
per cent of the hydrogen content of the sample in the boat. 
A portion of this gas was then counted. 

Determination of percentage of total activity present 
as squalene (Table I). In the case of Sample I, the as- 
say was based on the specific activity of the squalene 
hexahydrochloride (M. P., 109° to 20° C.) prepared from 
a known dilution with redistilled natural squalene by the 


655 











656 EIDINOFF, KNOLL, MARANO, KVAMME, ROSENFELD, AND HELLMAN 


TABLE I 


Assay of hydrocarbon fraction containing squalene-T 








Percentage 
Treatment of total 
following Squalene activity 
Sample exchange reaction derivative as squalene 





I Saponificationand Mixed hexahydro- 55+ 4 


extraction chlorides 
II Iwas purified via Mixed hexahydro- 68+ 4 
thiourea adduct, chlorides 


followed by regen- 
eration and chro- 
matography over 
alumina 


112° melting point 56+ 3 
hexahydro- 
chloride 


Dodecabromide 61+1 





method of MacKenna, Wheatley, and Wormall (11). 
In the case of Sample II, assay was based on the specific 
activities of the mixed hydrochlorides, the 111 to 112° C. 
low melting isomer and the dodecabromide prepared as 
described by MacKenna and co-workers (11). Analysis 
for dodecabromide: C, 26.17; H, 3.71; Br, 70.2. Calcu- 
lated: C, 26.3; H, 3.74; Br, 70.0. The results are pre- 
sented in Table I. On the basis of these derivatives, re- 
spectively, the percentage of the total tritium content 
present as squalene was calculated to be 68, 56 and 61. 
The remainder of the tritium activity may be present in 
compounds formed from squalene during the exchange 
treatment as a result of double bond shifts and other types 
of isomerization. Evidence for this was obtained from 
infra-red absorption measurements. The infra-red spec- 
trum of the squalene-T prepared by catalytic exchange 
was measured using a Perkin-Elmer double beam spec- 
trophotometer. The absorption was very similar to that 
for redistilled commercial squalene. At 11.29 uy, the tri- 
tiated product had a larger percentage absorption rela- 
tive to the commercial product. An enhanced absorption 
close to this wavelength had been observed by Dauben 
and Bradlow (12), and Tomkins, Chaikoff, Dauben, 
Bradlow, and Srere (13) for squalene regenerated from 
the hexahydrochloride and for synthetic squalene-C™. 
These authors concluded that isomeric forms of squalene, 
different with respect to double bond positions, were 
responsible for the absorption at this wavelength. 
Animal experiments using squalene-T. In Experi- 
ments 1 to 4 and 6 (Table III), an aliquot of squalene-T 
containing about 30 mg. of squalene and an activity of 3 x 
10° dpm was mixed with ground Purina Chow and the 
solvent was removed in a nitrogen stream. The animal 
was sacrificed 24 hours after the sample was consumed. 
In Experiment 5, an emulsion of squalene in isotonic 
saline was prepared by adding water to an equal volume 
of acetone containing the squalene-T. The acetone was 
removed by repeated addition of water and evaporation 
to the original volume. This emulsion was injected 
into the tail vein and the animal was sacrificed after 24 
hours. The mouse liver was homogenized and depro- 
teinized with acetone-alcohol (1:1). An aliquot was 


removed for cholesterol analysis and the remainder sa- 
ponified with alcoholic KOH. Following the addition of 
carrier cholesterol (about 400 mg.) the combined dried 
ether extracts were concentrated to a small volume. This 
was chromatographed on alumina and the fractions were 
eluted with petroleum ether followed by increasing con- 
centrations of benzene. The 100 per cent benzene frac- 
tion contained almost all the cholesterol. This was 
converted to the dibromide, which was debrominated by 
sodium iodide in ethanol-benzene (14, 15). The choles- 
terol was recrystallized 2 times from acetone and melted 
at 148 to 149° C. 

Administration of hydrocarbon fraction containing 
squalene-T in the human (Table II). Petroleum ether 
was distilled under nitrogen from a solution containing 
150 mg. squalene and having an activity of 1.5 x 10° dpm 
(assayed as squalene) or 2.7 X 10° dpm total tritium ac- 
tivity. The nonvolatile residue was dissolved in 10 ml. 
sesame oil and homogenized in 100 ml. chocolate milk. 
This was administered to a 59 year old male, weighing 
75 Kg. and of limited life expectancy. The subject had 
cancer of the prostate and at the time of the experiment 
was considered to be in good nutritional status. The 
plasma cholesterol determinations were carried out by a 
modification of the Sperry-Webb procedure (16). 

Preparation of squalene-C™*. Acetate-2-C* (500 uc., 
0.5 mM) was administered intraperitoneally to a dog 
that had ingested 20 Gm. natural squalene prior to the 
experiment. After 40 minutes the animal was sacrificed. 
The hydrocarbons present in the nonsaponifiable frac- 
tion of the liver were obtained by the procedure of Lang- 
don and Bloch (17). Approximately 0.1 per cent of the 
administered radiocarbon was present in this hydro- 
carbon eluate. The radiocarbon activity per ml. of the 
hydrocarbon fraction obtained from the dog liver was 
measured by gas phase counting of the carbon dioxide 
from the oxidation of an aliquot (containing a known 
excess of natural squalene), using the Van Slyke-Folch 
combustion mixture (18). Another aliquot was mixed 
with a known excess of squalene, the hexahydrochloride 
prepared and the specific activity determined by gas 
phase counting. On this basis, it was found that substan- 
tially all the radiocarbon activity was present as squalene 
(squalene activity/total activity: 1.05 + 0.04). A lower 


TABLE II 


Conversion of hydrocarbon fraction containing squalene-T 
to cholesterol and fatty acid in the human 








Specific activity 


Specific activity 
of fatty acids in 


Time after of plasma-free 





administration cholesterol blood lipids 
(hrs.) (dpm/mg.) (dpm/mzg.) 
1 18 
3 145 106 
7 2,710 156 
21 4,760 53 
25 4,240 
43 3,720 
79 2,980 
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limit to the specific activity of the squalene in the hydro- 
carbon fraction was established by determining the 
amount of squalene per unit volume of solution. This 
quantity was too small to assay accurately by chemical 
methods. Consequently, the infra-red spectrum was 
measured in carbon disulfide solution using a Perkin- 
Elmer double beam spectrophotometer and compared with 
spectra for known concentrations of redistilled natural 
squalene. It was found that the specific activity of the 
squalene-C“ was greater than 3 times 10° dpm per mM. 

Isolation of fatty acids (Table V). The nonsaponifiable 
portion of the alcoholic-aqueous KOH solution was ex- 
tracted three times with petroleum ether. The latter was 
washed with small portions of 2N KOH and then with 
water, and these were combined with the soap fraction. 
The alkaline fraction was neutralized and the organic 
solvents (ethanol and traces of petroleum ether) were 
evaporated off. The aqueous solution was acidified 
with sulfuric acid and the resulting turbid suspension was 
placed in a refrigerator to allow the fatty acids to pre- 
cipitate. The solution was filtered and the filter paper 
plus residue was continuously extracted with petroleum 
ether for 16 hours in a Soxhlet apparatus. Controls us- 
ing stearic acid showed that more than 90 per cent of 
this fatty acid could be recovered on a semimicro scale. 
Aliquots of the resulting solution containing the labeled 
fatty acids were plated out, using aluminum planchets 
containing a lens paper disc. 


RESULTS 


Oral administration of hydrocarbon fraction con- 
taining squalene-T in the human 


The specific activity of plasma-free cholesterol 
following oral administration of the hydrocarbon 
fraction containing squalene-T at various intervals 
following administration of the dose is listed in 
Table II and plotted in Figure 1. The presence 
of cholesterol labeled with tritium was readily de- 
tectable after one hour. The specific activity 
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Fic. 1. Speciric Activity oF PLAsMA-FREE CHOLES- 
TEROL FOLLOWING ADMINISTRATION IN THE HUMAN OF 
HyprocarBon Fraction CoNTAINING SQUALENE-T 


TABLE III 


Tritium content of liver cholesterol following administration 
of hydrocarbon fraction containing squalene-T 
in the mouse 








Percentage conversion 
on: 








Expt. Sample Activity as Total 
no. administered squalene activity 
i ag I ym | 1.1 
2 I 0.75 0.41 
3 I 0.63 0.35 
4 I 0.90 0.49 
=" II 0.25 0.15 
6 II 0.10 0.06 





* Administered by intravenous injection of emulsion in 
saline in Experiment 5; by admixture with food in the 
other experiments. 


reached a maximum in the interval between the 7 
and 21 hour points and the curve after 21 hours 
is roughly comparable to that for plasma-free 
cholesterol after oral ingestion of the labeled sterol 
(19). The specific activity of the fatty acids in 
the blood lipids was measured at 3, 7 and 21 hours 
(column 3, Table II). At 7 and 21 hours, the 
fatty acid specific activity was 0.06 and 0.01 of the 
plasma-iree cholesterol, respectively. 


Administration of labeled squalene in the mouse 


a) Squalene-T. The liver choiesterol (purified 
via the dibromide procedure) was assayed. The 
percentage conversion of squalene to cholesterol 
in this organ ranged from 0.10 to 2.1 per cent 
(column 3, Table IIT). 

b) Squalene-C**. Following intravenous injec- 
tion of the squalene-C’* in the mouse, cholesterol 
in the liver and remainder of the carcass as well as 
the respiratory carbon dioxide was assayed for 
radiocarbon content (Table IV). At the end of 
five hours, 3.3 per cent of the administered ac- 
tivity was present as liver cholesterol while less 
than 1 per cent of the radiocarbon administered 
was present as cholesterol in the remainder of the 
carcass. Following oral administration (Table 
V) approximately 1 per cent of the administered 
radiocarbon was present as cholesterol, mainly in 
the liver. Relatively small conversion of the 
radiocarbon in the administered squalene-C** to 
respiratory carbon dioxide was found (0.5 and 0.2 
per cent, respectively) at the time of sacrifice 
(Tables IV and V). Approximately 1.5 per cent 











TABLE IV 


Conversion of squalene-C* to cholesterol and respiratory 
carbon dioxide in the mouse—Intravenous 
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TABLE V 


Conversion of squalene-C* to cholesterol, fatty acids and 
respiratory carbon dioxide in the mouse— 














administration Oral administration 
Percentage Percentage of 
of injected administered 
Compound Source activity Compound Source activity 
Cholesterol Liver 3.3 Cholesterol Liver 0.86 
Remainder of <i Remainder of 0.07 
carcass carcass 
Carbon dioxide Collection interval Lipid fatty acids Liver <0.01 
of expired air (hrs.) Remainder of 1.5 
0-0.5 0.02 ae 
ry ee 0.0 Carbon dioxide Collection interval 
15-20 0.00 of expired air (hrs.) 
2-3 0.24 0-0.5 0.01, 
3-4 0.15 0.5-1 0.022 
4-5 0.06 1-2 0.03; 
—— 2-3 0.03, 
Total AT 3-4 0.03; 
4-5 0.03; 
* Sample lost during analysis. rit ry 
Total 0.20 


of the administered radiocarbon (Table V) was 
present in the lipid fatty acids. Each mouse in 
the experiments summarized in Tables IV and V 
received 8 times 10* dpm radiocarbon contained 
in less than 11 mg. squalene. 


DISCUSSION 


The results in the mouse (Table III) served to 
demonstrate that the squalene-T preparation was 
a useful precursor material for studies of choles- 
terol biosynthesis. The oral administration of 
this precursor in the human (Table II) resulted 
in a much larger percentage conversion to cho- 
lesterol than in the case of the mouse experiments. 
The extent to which the tritium present in the 
administered dose was incorporated into choles- 
terol can be estimated from the circulating cho- 
lesterol level together with reasonable assumptions 
concerning equilibrium of plasma cholesterol with 
other cholesterol pools. The specific activity at 
25 hours was 4.24 x 10° dpm per mg. cholesterol. 
The plasma cholesterol level was 176 mg. per 100 
ml. It can be reasonably assumed (for the purposes 
of this calculation) that there are: a) 43 ml. 
plasma per Kg. body weight and b) rapid equili- 
bration of plasma cholesterol with 3 Gm. red blood 
cell free cholesterol, 3.8 Gm. free and 0.7 Gm. 
ester cholesterol in the liver (16). Since the total 
administered radioactivity was 2.67 x 10® dpm, 
it follows that 24 per cent of the tritium activity 





was converted to cholesterol. If it is further as- 
sumed that only the squalene-T was utilized, this 
would correspond to a utilization of over 40 per 
cent of the administered label. When labeled cho- 
lesterol was fed to subjects, it was found that about 
12 per cent appeared in the plasma (19). The 
extent of conversion in the case of squalene as 
precursor is significantly high. This result is di- 
rect experimental evidence for the hypothesis that 
squalene or a closely related compound is an im- 
portant intermediate in the synthesis of cholesterol 
by the human. Using absorption data reported 
in animal experiments and the results of studies in 
the human, McGuire and Lipsky had estimated 
that approximately 20 per cent of liver cholesterol 
was derived from administered (unlabeled) squa- 
lene (20). 


SUMMARY 


1. A hydrocarbon fraction containing squalene 
labeled with tritium was prepared by the reaction 
of squalene with tritium-containing water in the 
presence of a platinum catalyst. On oral adminis- 
tration of this hydrocarbon fraction in the human, 
the tritium content of the plasma-free cholesterol 
reached a maximum within 7 to 21 hours. Calcu- 
lations based on these data indicated that over 20 
per cent of the administered tritium label was con- 
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verted to cholesterol tritium. Incorporation of 
the labeled squalene into the liver cholesterol of 
mice was also demonstrated. These results fur- 
nish direct support for the hypothesis that squa- 
lene, or a closely related compound, is an impor- 
tant intermediate in the synthesis of cholesterol by 
the human. 

2. The in vivo synthesis of squalene from ace- 
tate precursor was used to prepare squalene-C'* 
for metabolic studies. On intraperitoneal ad- 
ministration of acetate-2-C'* to a dog, approxi- 
mately 0.1 per cent of the administered radio- 
carbon activity was present in the liver squalene 
after one hour. The labeled squalene was adminis- 
tered to mice and the radiocarbon content of cho- 
lesterol, fatty acids, and respiratory carbon diox- 
ide measured. Less than 1 per cent of the admin- 
istered radiocarbon was eliminated as respiratory 
carbon dioxide in a seven hour period following 
administration. After this time, the mouse lipid 
fatty acids contained less than 2 per cent of the 
radiocarbon in the administered squalene. 
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The pathogenesis of renal hypertension remains 
a mystery. Renal disease can be severe enough to 
produce terminal uremia without producing hy- 
pertension. On the other hand, hypertension can 
be induced by partial constriction of the renal ar- 
tery, and the kidney in question may retain good 
excretory function. The excretory activities of 
the kidney seem not to be directly related to its 
hypertensive or antihypertensive functions. It is 
therefore inviting to consider aspects of renal anat- 
omy other than those directly and obviously con- 
cerned with excretion. Such a structure is the 
juxtaglomerular apparatus. Certain cells of this 
juxtaglomerular complex containing discrete se- 
cretory granules are found in the wall of the af- 
ferent glomerular arteriole, just before it joins the 
glomerulus. Goormaghtigh studied them many 
years ago in relation to renal hypertension (2). 
These cells are in a position which would be par- 
ticularly affected by changes in intraluminal pres- 
sure, such as occurs with Goldblatt clamping. In 
the classic Goldblatt experiment, the renal artery 
is partially constricted, producing a decrement in 
blood pressure downstream. Such a decrement 
in pressure would reduce the stretch of the walls 
of the entire renal arborization, including the 
juxtaglomerular cells residing in the arteriolar 
walls. These cells, then, could be stretch recep- 
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2 This article is a full report of studies presented at 
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sociation. 


tors which change their rate of secretion in re- 
sponse to changes in stretch. With this in mind, 
the juxtaglomerular apparatus was studied in re- 
lation to the Goldblatt type of experimental hyper- 
tension. If the juxtaglomerular apparatus has 
any fundamental role in renal hypertension it 
might also be altered in other forms of experi- 
mental hypertension. Therefore, rats with desoxy- 
corticosterone hypertension, postdesoxycorticos- 
terone hypertension, and adrenal regeneration 
were also studied. 


METHODS 


This study was greatly facilitated by the use of the 
staining technique developed by the Hartrofts for the 
juxtaglomerular (JG) apparatus (3). Each granule is 
discretely stained in this method. A 40x fluorite oil im- 
mersion objective enabled us to see the individual secre- 
tory granules much better than the usual 43x achromatic 
“high dry” objective, yet provided a large field for rapid 
scanning. Compensating eyepieces (12x) were used in 
conjunction with this objective. The degree of granu- 
lation in the juxtaglomerular apparatus was estimated 
using the system devised by the Hartrofts (3). Their 
weighted juxtaglomerular index (JG index) was utilized, 
giving a total index number per 100 glomeruli. This 
system is advantageous in that it counts each JG com- 
plex and weighs it according to its degree of granula- 
tion. Experience indicated that whenever a large number 
of juxtaglomerular complexes were to be seen, the num- 
ber of granules per complex were usually also increased. 
Even though this is a semiquantitative method, it has 
considerable precision. Two different observers scan- 
ning the same slide rarely differed by more than 10 per 
cent. Figure 1 shows various groups of juxtaglomerular 
cells. 

Renal hypertension was produced in our rats by par- 
tially constricting the renal artery, using a silver ribbon 
clip. This is the method developed by Wilson and By- 
rom (4) and used extensively in recent years by Floyer 
(5). In the rat, hypertension can be produced by con- 


stricting only one renal artery and leaving the other 
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In picture a, eight juxtaglomerular (JG) cells loaded with granules are seen in the 


wall of the afferent arteriole. 
wall of the afferent arteriole. 
the black granules. 
granules. 


Pictures a, b, and c are sections from rat kidney. 
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Various Groups OF JUXTAGLOMERULAR CELLS 


In b four JG cells laden with granules are seen in the 
The unstained nuclei of these cells are surrounded by 
In c, two cells are seen which are only moderately filled with 


Picture d shows one 


granular JG cell in a section from the kidney of a patient with malignant hypertension. 


kidney untouched (4, 5). This form of hypertension was 
utilized in these studies. Floyer’s useful terminology is 
also employed. The “clipped” kidney is one with the re- 
nal artery partially constricted; the “untouched” kidney 
is the unmanipulated kidney opposite to the “clipped” 
one (5). 

The level of arterial blood pressure in rats was de- 
termined with the Friedman microphonic method (6). 
The rats were lightly anesthetized with U.S.P. ether dur- 
ing the blood pressure measurements. 


Only male rats were utilized in these experiments. 
They were all of the Wistar strain except those used in 
the adrenal insufficiency and adrenal regeneration ex- 
periments. Except in the postdesoxycorticosterone ace- 
tate (DCA) group, the rats usually weighed between 
200 and 400 Gm. Within this range, the JG counts did 
not noticeably vary with weight or age. The rats at all 
times were either eating Purina laboratory chow (0.24 
per cent sodium) or the special “synthetic” diets men- 
tioned below. 








RESULTS 
A. Renal hypertension 


Normal rats. The average juxtaglomerular in- 
dex for 12 normal Wistar rats weighing between 
200 and 300 Gm. is 36, with a standard deviation 
of +8. The mean blood pressure for 90 normal 
Wistar rats is 99 (S.D., +7) mm. Hg (Table I). 

Sham operated rats. In nine rats a sham opera- 
tion on one kidney was performed. The renal ar- 
tery of this one kidney was dissected out, a silver 
clip was applied to it, and the clip was then im- 
mediately removed and the incision sutured. Five 
weeks after this sham operation, the operated kid- 
ney had a mean juxtaglomerular index of 34 
(S.D., + 12) and the contralateral unmanipulated 
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kidney had a mean JG index of 35 (S.D., + 13) 
(Table I). 

Rats with unilateral constriction of a renal 
artery. In sixteen Wistar rats weighing between 
150 and 250 Gm., a clip was applied to one renal 
artery in such a way as to constrict it partially; 
the other kidney was “untouched.” Ten weeks 
later the blood pressure of these rats was ascer- 
tained and eight were found to be definitely hyper- 
tensive, with a blood pressure of over 140 mm. Hg 
(Table II). In these eight rats the “clipped” kid- 
neys had an average JG index of 76, which is sig- 
nificantly higher than that of normal or sham 
operated kidneys (p = 0.0001). The “untouched” 
contralateral kidneys of these rats showed striking 


TABLE I 


The mean juxtaglomerular indices for several groups of Wistar rats* with renal hypertension along with 


appropriate control groups 








Mean blood 
pressure at 


Data concerning J Gf indices 








end of Standard 
No. of experiment Range of error of 
Group rats (mm. Hg) Mean values the mean 
a. Normal Wistar rats 12 99 One kidney examined 36 23 to 53 + 2.5 
b. Sham operated rats Sham operated kidney 34 23 to 65 +13.0 
Contralateral untouched 
kidney 35 21 to 65 +13.7 
c. Hypertensive rats 8 172 Clipped kidney 76 40 to 129 +10.2 
10 weeks after Contralateral untouched 
unilateral clipping kidney 1 0 to 4 + 0.7 
d. Hypertensive rats 11 159 Clipped kidney 44 21 to 76 + 5.8 
6 weeks after Contralateral untouched 
unilateral clipping kidneyt 
e. Hypertensive rats 7 145 Clipped kidney 46 28 to 63 + 4.1 
7-14 days after Contralateral untouched 
unilateral clipping kidney 9 4 to 14 + 1.4 
f. Rats with little or 13 96 Clipped kidney 48 26 to 80 + 4.3 
no hypertension Contralateral untouched 
7 weeks after kidney 6 0 to 20 + 1.9 
unilateral clipping 
g. Normal rats ona 8 110 One kidney examined 48 29 to 62 + 4.0 
basic diet containing 
0.002% Na 
h. Normal rats on the 8 111 One kidney examined 30 19 to 54 + 3.9 
basic diet plus 
0.4% Na 
i. Rats with unilateral 22 169 Clipped kidney 66 39 to 98 + 3.5 
clipped kidney on a Contralateral untouched 
basic diet con- kidney 6 0 to 33 + 1.8 
taining 0.002% Na 
j. Rats with unilateral 13 181 Clipped kidney 58 22 to 112 + 7.8 
clipped kidney on Contralateral untouched 
the basic diet plus kidney 1 0to4 + 0.3 


0.4% Na 





* Both kidneys were present in all rats. 
t Juxtaglomerular. 
t This kidney was left intact for subsequent studies (Group b, Table III). 
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degranulation of the juxtaglomerular apparatus. 
From a normal value of 36 the index fell to an 
average of 1 in these kidneys, and the JG index 
ranged from 0 to 4, far below normal JG indices. 
These findings are consistent with observations 
by others that renal ischemia may be associated 
with an increase in the number of granular JG 
cells (2, 7) and also with observations that the 
contralateral “untouched” kidney has a great de- 
crease in the granular JG cells (8, 9). 

In another group of hypertensive rats with a 
similar operation, the ischemic kidney was ex- 
amined six weeks after constricting the renal 
artery. The JG index averaged 44 in these kid- 
neys, a value not as high as was seen in constricted 
kidneys 10 weeks after clipping (Table 1). 

Another group of seven hypertensive rats was 
sacrificed 7 to 14 days after a similar constriction 
of only one renal artery. The “clipped” kidneys 
had an average JG index of 46 with a range of 
28 to 63, and the contralateral “untouched” kid- 
ney had a mean JG index of 9 with a range of 
4to 14. Even this brief interval after clipping one 
renal artery allowed for considerable degranulation 
of the “untouched” kidney and hypergranulation 
of the ischemic kidney (Table I). 

Thirteen other rats had the same clipping pro- 
cedure as the foregoing groups of rats. However, 
they failed to develop hypertension during seven 
weeks of constriction of one renal artery and all 
had blood pressures under 110 mm. Hg. Even 
these rats had significant hypergranulation of the 


TABLE II 


The juxtaglomerular indices for eight individual hyper- 
tensive rats 10 weeks after a clip had been 
applied to one renal artery 











Blood JGindex 
pressure of contra- 
at end of JG* index lateral 
Rat experiment of ischemic untouched 
no. (mm. He) kidney kidney 
1 163 68 0 
Z 174 105 0 
3 175 129 3 
t 185 40 0 
5 150 53 1 
6 185 68 4 
7 178 62 0 
8 168 84 1 
Mean values 
for the group 172 76427f 1+2 





* Juxtaglomerular. . 
¢ + Indicates standard deviation. 


ischemic kidney. In this group the mean JG in- 
dex of the constricted kidney was 48 (S.D., + 15), 
with values ranging from 26 to 80. The “un- 
touched” kidney had a mean JG index of 6 (S.D., 
+ 6), with values ranging from 0 to 20 (Table I). 
Even though the “untouched” kidney here showed 
considerable degranulation, it was not nearly as 
complete as that seen in truly hypertensive rats 
with a similar operation. 

The degranulation of the “untouched” kidneys 
after unilateral clipping cannot be the result of 
renal hypertrophy, since rats with a single fully 
hypertrophied kidney have normal JG indices 
(Table IIT). 


TABLE III 


The mean juxtaglomerular indices for certain groups of Wistar rats with only one kidney present, including groups 
with past or present hypertension and control groups 














Mean blood Data concerning JG* indices 
pressure at 
end of Standard 
: No. of experiment Range of error of 
Group rats (mm. He) Mean values the mean 
a. Normal rats with one kidney, on Purina 
chow 11 34 9 to 50 +3.6 
b. Previously hypertensive rats that be- 
came normotensive 6 weeks after the 
excision of a clipped kidney (eating 
Purina chow) 11 96 28 16 to 39 +2.2 
c. Rats with one clipped kidney on a basic 
diet containing 0.002% Na 14 174 55 37 to 82 +4.3 
d. Rats with one clipped kidney on the 
basic diet plus 0.4% Na 8 184 45 27 to 94 +7.5 





* Juxtaglomerular. 
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Partial constriction of the renal artery of de- 
granulated kidneys. In five rats, one renal artery 
was partially constricted with the subsequent de- 
velopment of hypertension. As noted above, the 
“untouched” contralateral kidney seven weeks 
later has almost complete degranulation of the JG 
cells with an average JG index of 1, and values 
ranging from 0 to 4. At this time the renal artery 
of this degranulated “untouched” kidney was also 
“clipped.” Four weeks later both kidneys were 
examined. In two of the five rats, the kidney 
which may be assumed to have been previously 
degranulated was still degranulated despite the 
clipping procedure. However, in the three other 
rats the previously degranulated kidney had defi- 
nitely regranulated as a result of the second clip- 
ping operation. The JG indices were 36, 28, and 
14 in the previously degranulated kidneys of these 
rats. 

The effect of a low sodium diet on the granula- 
tion of the juxtaglomerular apparatus. Three ex- 
periments were done to assess the influence of the 
amount of sodium in the diet on the degree of 
juxtaglomerular granulation. In these studies 
the diet consisted of purified materials, including 
20 per cent casein, 70 per cent sucrose, 5 per cent 
corn oil, 5 per cent sodium-free salt mixture made 
with reagent-grade chemicals, and vitamin sup- 
plementation. This constituted our “low sodium 
diet” and contained 0.002 per cent sodium. Our 
control diet with 0.4 per cent sodium was made 
by adding pure sodium chloride to the basic low 
sodium diet. Water was given ad libitum. 

The two diets were offered to two groups of 
normal Wistar rats. A group of eight rats on the 
diet containing 0.4 per cent sodium for five weeks 
had a mean JG index of 30 (S.D., +10). The 
group of eight rats on the diet containing 0.002 per 
cent sodium for five weeks had a mean JG index 
of 48 (S.D., +10). Thus the rats on a very low 
sodium intake had a significantly higher degree 
of JG granulation (p = 0.001). This confirms the 
earlier observations of the Hartrofts (3) (Table 
Bs 

The next experiment deals with hypertensive 
rats with a clip on one renal artery, the other kid- 
ney remaining “untouched.” Sixteen weeks after 
the clip was applied, these hypertensive rats were 
divided into two groups which were evenly matched 
for blood pressure. These two matched groups 


were placed on the experimental diets described 
above for an additional eight weeks. There was a 
slight reduction in blood pressure in the group of 
22 rats on the 0.002 per cent sodium diet. Before 
going on the diet, the mean blood pressure of this 
group was 177 mm. Hg. After eight weeks on the 
diet, this mean had fallen to 169 mm. Hg. The 
other group of 13 hypertensive rats on the 0.4 per 
cent sodium diet had an initial blood pressure of 
173 mm. Hg which rose to 180 mm. Hg while on 
this diet. The group of rats on the 0.4 per cent 
sodium diet had the usual almost complete JG de- 
granulation in the “untouched” kidney. The 
mean JG index of the “untouched” kidney in this 
group was 1 and the highest index for an indi- 
vidual rat was 4. On the other hand, the average 
JG index of the “untouched” kidney was 6 in the 
rats on the 0.002 per cent sodium diet, and 7 rats 
out of the 22 in this group had indices higher than 
4. Three rats of this group had indices higher 
than 17 in the “untouched” kidney. This would 
be a very unusual finding in operated hypertensive 
rats on higher sodium intakes. The difference 
in granulation of the “untouched” kidney between 
these two groups is highly significant (p = 0.005). 
The diet containing very little sodium unquestion- 
ably increased the JG granulation in these “un- 
touched” kidneys. Moreover, the slight reduc- 
tion in blood pressure resulting from the low 
sodium intake probably does not account for the 
increased granulation, since all hypertensive rats 
on the low sodium diet had a blood pressure higher 
than 140 at the end of the experiment (Table I). 

Varying the amount of sodium in the diet did 
not greatly influence the JG granulation of the 
“clipped” kidneys in these rats. The group on 0.4 
per cent sodium in the diet had a mean JG index of 
58 in the “clipped” kidney, and the group on the 
0.002 per cent sodium diet had a mean JG index 
of 66. The “clipped” kidneys of both groups are 
hypergranulated compared to a normal kidney but 
are not significantly different from one another 
(Table I). 

Other rats were made hypertensive by apply- 
ing a clip on one renal artery and excising the con- 
tralateral kidney. All the rats studied had blood 
pressures over 140 mm. Hg. Sixteen weeks after 
the operations, they were divided into two groups 
evenly matched for blood pressure. One group 
was placed on the 0.002 per cent sodium diet and 
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TABLE IV 


A comparison of the juxtaglomerular indices in adrenalectomized and in normal Sprague-Dawley rats 








Standard 








No. of Mean JG* Range of error of 
Group rats index values the meant 
a. Normal rats on Purina chow and 
tap water 12 30 18 to 40 +1.9 
b. Adrenalectomized rats on Purina 
chow and 1% saline 12 52 7 to 83 +7.2 





* Juxtaglomerular. 
Tt p value of the difference between these means: 0.004. 


the other on the 0.4 per cent sodium diet for five 
weeks and they were then killed. The blood pres- 
sure of all the rats on either diet remained above 
140 mm. Hg at the end of the experiment. The 
8 rats on the 0.4 per cent sodium diet had a mean 
JG index of 45, while the 14 rats on the 0.002 per 
cent sodium diet had a mean JG index of 55. 
This difference was not statistically significant 
(p= 0.3) (Table III). 

The effect on the juxtaglomerular apparatus of 
“curing” unilateral renal hypertension with a uni- 
lateral nephrectomy. Eleven rats were made hy- 
pertensive with blood pressures over 140 mm. Hg 
by clipping one renal artery as described above. 
The average blood pressure of this group was 
159 mm. Hg seven weeks after the operation. 
From previous experience, we know that the JG 
apparatus of the “untouched” kidney is virtually 
degranulated seven weeks after the original clip- 
ping operation in hypertensive rats. At this time 
the “clipped” kidney was excised. Every rat had 
a decided fall in blood pressure following this 
procedure. Ten out of the 11 rats had blood pres- 
sure levels under 115 mm. Hg two weeks after the 
removal of the “clipped” kidney. By six weeks 
after removal of the “clipped” kidney, all the blood 
pressures were under 111 mm. Hg with an aver- 
age of 96 mm. Hg. Thus all rats eventually had 
a blood pressure well within the normal range. 
When the lone kidney of these normotensive rats 
was examined, it had an almost complete regranu- 
lation of the JG apparatus with an average JG in- 
dex of 28 and values ranging from 16 to 39 (Table 
III). The lone kidney of three of these rats that 
had become normotensive was seen two weeks 
after the “clipped” kidney had been removed. The 
JG indices in these three were 32, 23, and 24, 


showing that regranulation was almost complete 
in this short interval. 

While it is obvious that regranulation occurs in 
the JG apparatus of these rats when they change 
from a hypertensive to a normotensive state, it 
is of interest to compare the granulation in these 
lone kidneys with the JG granulation of rats that 
have had one kidney excised without having under- 
gone any clipping operations. 

Eleven Wistar rats had one kidney excised and 
two months were allowed to elapse for a new equi- 
librium to be established. The lone hypertrophied 
kidney of these rats was then studied. The aver- 
age JG index in this lone kidney was 34 (S.D., + 
11). Thus the regranulated JG complexes of the 
previously hypertensive rats are not greatly dif- 
ferent from those of simple one kidney rats. More- 
over, these simple one kidney rats have a JG gran- 
ulation quite similar to that seen in completely 
normal rats (Table III). 


B. Adrenal insufficiency 


A number of male Sprague-Dawley rats were 
randomly divided into two groups with 12 rats in 
each group. The control rats in Group A with 
intact adrenals ate Purina laboratory chow and 
drank tap water ad libitum. The rats in Group B 
underwent a complete bilateral adrenalectomy and 
subsequently were allowed to drink only a 1 per 
cent saline solution. They were also eating Pu- 
rina laboratory chow. All of these rats were killed 
18 days after the adrenalectomy of the rats in 
Group B. The mean JG index in the normal rats 
of Group A was 30 (S.D., +6). The mean JG 
index in the adrenalectomized rats of Group B was 
52 (S.D., + 24). This difference was highly sig- 
nificant with a p value of 0.004. These results are 
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similar to those found by Dunihue in adrenalecto- 
mized cats (10) (Table IV). 


C. Rats treated with desoxycorticosterone in con- 
junction with either high or low sodium diets 


Twenty-nine rats were given a subcutaneous 
injection of 125 mg. of desoxycorticosterone tri- 
methylacetate (DCTMA).* This injection was 
repeated in four weeks. One group with 10 of 
these rats was fed a “‘synthetic” diet containing 
only 0.002 per cent sodium (described above), and 
water ad libitum. Another group with 19 of these 
rats was fed this same diet with 0.4 per cent so- 
dium added (described above) and was allowed 
to drink nothing but 1 per cent sodium chloride. 
A control group that was fed the sodium-deficient 
diet but did not receive DCTMA can also be com- 
pared with the above groups. 

All rats were killed two and a half weeks after 
the second injection of DCTMA. The group on 
DCTMA and a high sodium intake had a virtual 
disappearance of the JG granulation. Their av- 
erage JG index was 0.3 with a range of 0 to 3. 
Sixteen out of the 19 rats had JG indices of 0. 
All of these rats had some elevation of blood pres- 
sure at the end of the experiment with an average 
final blood pressure of 142 mm. Hg. On the 
other hand, the group of rats that received 
DCTMA and a diet very low in sodium did not 
show this extreme JG degranulation. The mean 
JG index was 17 for the group. None of these rats 

4#We wish to thank Dr. Robert Gaunt of the Ciba 


Pharmaceutical Company for generously supplying the 
desoxycorticosterone. 
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on the low sodium diet became hypertensive dur- 
ing the course of the experiment, and the average 
blood pressure for the group was 99 mm. Hg at 
the end of the experiment. These results confirm 
the previous observations of the Hartrofts (11) 
(Table V). 

The rats receiving DCTMA in conjunction with 
a diet low in sodium had a much lower JG index 
than the control group receiving the diet only. 
This was true in spite of the fact that their blood 
pressure was lower than that of the sodium-de- 
ficient control group. This would seem to indicate 
that DCTMA alone has a significant ability to 
cause degranulation of the JG cells independent 
of hypertension (Table V). 


D. Postdesoxycorticosterone hypertension 


It is well known that desoxycorticosterone in 
conjunction with a generous intake of sodium will 
produce hypertension in rats. An example of this 
effect is demonstrated above. It has also been 
shown that in certain rats this hypertension may 
persist long after completion of desoxycorticoster- 
one absorption and while the rats are taking in the 
usual amounts of sodium (12). This type of hy- 
pertension has been called “postdesoxycorticoster- 
one” hypertension and is a prime example of the 
principle that a hypertension may persist long 
after its original cause has been removed. 

To produce this type of hypertension a 25 mg. 
desoxycorticosterone acetate pellet was implanted 
subcutaneously in each of 150 male weanling rats. 
Another similar pellet was implanted five weeks 


TABLE V 


A comparison of the juxtaglomerular indices in Wistar rats receiving desoxycorticosterone and 
either a high or low sodium intake 














Mean blood Data concerning JG* indices 
pressure at 
end of Standard 
No. of experiment Range of error of 
Group rats (mm, He) Mean values the mean 
a. Rats receiving DCTMAfT and 1% 
NaCl in food and water 19 142 0.3 0 to 3 +0.1f 
b. Rats receiving DCTMA and a very 
low sodium diet 10 99 17 0 to 51 +6.2§ 
c. Control rats receiving a very low 
sodium diet 8 110 48 29 to 62 +4.0 





* Juxtaglomerular. 

+ Desoxycorticosterone trimethylacetate. 
t p value of the difference between groups a and b: 0.009. 

§ p value of the difference between groups b and c: 0.00006. 
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TABLE VI 


A comparison of the juxtaglomerular indices in ‘‘postdesoxycorticosterone” rats with either elevated or normal blood pressure 














Mean blood Data concerning JG* indices 
pressure at 
end of Standard 
No. of experiment Range of error of 
Group rats (mm. Hg) Mean values the mean T 

a. Post-DCAf rats with hypertension 17 160 7 1 to 15 +1.0 
b. Post-DCA rats with normal blood 

pressures 16 104 25 8 to 50 +3.1 





* Juxtaglomerular. 


Tt p value of the difference between these means: 0.0000001. 


t Desoxycorticosterone acetate. 


later. The rats were all drinking a 1 per cent so- 
dium chloride solution for six months after the 
first pellet implantation. Most of them became 
hypertensive during this period. They were then 
offered tap water for the next four and a half 
months, at which time the experiment was termi- 
nated. The blood pressure of each rat was de- 
termined twice during the last week of the experi- 
ment, and the average of these readings was con- 
sidered the blood pressure for each rat. When 
the rat was killed, the entire subcutaneous area 
of the back was examined to be certain that both 
pellets had been completely absorbed. In two 
rats the remnant of a pellet was seen and these 
rats were excluded from the study. This was 
done to insure that all the rats were indeed in the 
“postdesoxycorticosterone” phase. Seventeen rats 
remained moderately to severely hypertensive af- 
ter the pellets had completely disappeared. The 
blood pressure was above 140 in every rat of this 
group with a mean of 160 mm. Hg. Many more 
rats had very mild hypertension with blood pres- 
sures between 120 and 140 mm. Hg. Sixteen rats 
had blood pressures in the normal range (below 
118 mm. Hg) in the postdesoxycorticosterone pe- 
riod. The mean blood pressure of this group was 
104 mm. Hg. The JG granulation of the hyper- 
tensive group and the normotensive group was 
compared. In the normotensive group the mean 
JG index was 25 (S.D., +12). In the hyperten- 
sive group the mean JG index was 7 (S.D., +4). 
This difference was quite significant (p = 10-7) 
(Table VI). 


E. Experimental hypertension in rats associated 
with adrenal cortical regeneration 


Skelton has recently demonstrated a form of 
experimental hypertension in rats which appears 


during the regeneration of adrenal cortical tissue 
following adrenal enucleation (13). In creating 
this experimental situation, we removed one kid- 
ney and one adrenal in male weanling Holtzmann 
rats. The contralateral adrenal capsule was 
nicked, and the medullary and cortical tissue was 
gently pressed out through the nick leaving only 
the capsule and a thin layer of adrenal cortical 
cells subjacent to it. These rats were then given a 
1 per cent saline solution to drink. Many of them 
subsequently developed hypertension. A control 
group of weanling rats with intact adrenals was 
also included in the experiment. The rats in this 
control group had one kidney excised and were 
drinking only a 1 per cent saline solution. Half 
of the rats with the single regenerating adrenal 
had a blood pressure over 140 mm. Hg six weeks 
after their initial operation. The average blood 
pressure of these nine rats at this time was 171 
mm. Hg. Their average JG index was 7. The 
control group had a mean blood pressure of 121 
mm. Hg (S.D., +7), and an average JG index of 
20. The rats with the hypertension of adrenal 
regeneration had a significantly lower JG index 
than the operated control rats (p = 0.0004) 
(Table VII). In many ways the hypertension of 
adrenal regeneration resembles the hypertension 
associated with desoxycorticosterone. However, 
the JG granules in desoxycorticosterone hyper- 
tension practically disappear, whereas they are 
definitely present, even if in diminished numbers, 
in the hypertension of adrenal regeneration. 


DISCUSSION 


Unfortunately these studies do not delineate the 
exact function of the JG apparatus. The granular 
cells in it have all the appearances of secretory 
cells, even when seen with the electron microscope 
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TABLE VII 


The juxtaglomerular indices in rats* with hypertension of adrenal regeneration and in control rats with intact adrenals 














Mean blood Data concerning JGt indices 
pressure at 
end of Standard 
No. of experiment Range of error of 
Group rats (mm, Hg) Mean values the meant 
a. Rats with adrenal regeneration hyper- 
tension 9 171 7 0 to 16 +1.7 
b. Control rats with intact adrenals 121 20 10 to 33 +3.0 





* All rats in this study had one kidney excised and were drinking a 1 per cent saline solution throughout the ex- 


periment. 
+ Juxtaglomerular. 


t p value of the difference between these means: 0.0004. 


(14). It is reasonable to assume that the secretory 
state associated with hypergranulation is the op- 
posite of that associated with degranulation. It 
is not even certain whether the degranulation of 
the JG apparatus is associated with rapid secretion 
or with a cessation of secretion. However, the 
state of granulation varies greatly in certain hy- 
pertensive states.as well as with variations in so- 
dium intake and adrenal function. It has been 
thought by some that the JG granules may con- 
tain renin. No direct proof of this exists, but 
Peart, Gordon, Cook, and Pickering have shown 
in the rabbit that renin exists only in or around 
glomeruli and not in purely tubular areas (15). 
Hence it is possible that the hypothesis is correct. 

These juxtaglomerular secretory cells are abun- 
dant in all mammalian species, including man (Fig- 
ure 1). They have also been seen in lower verte- 
brates such as the frog (16). These cells in the 
wall of the afferent arteriole are next to the 
macula densa, a specialized area of cells in the 
wall of the distal convoluted tubule which is al- 
ways near the vascular pole of the glomerulus 
(17). There is also a rich network of nerves 
surrounding all the specialized juxtaglomerular 
structures (18). It is well known that the mam- 
malian kidney has an uncannily accurate ability to 
keep renal blood flow and glomerular filtration 
constant in the face of widely varying perfusion 
pressures (19). Renal vascular resistance can 
make tremendous adjustments to maintain this 
autoregulation of blood flow and filtration, even 
when all vasomotor nerves leading to the kidney 
have been severed and under conditions of local 


adrenergic blockade with Regitine® (20). These 
changes in renal resistance are much more re- 
sponsive to changes in perfusion pressure rather 
than to changes in blood flow (20). The whole 
fabric of evidence indicates that the main changes 
in resistance which accomplish renal autoregula- 
tion can be reasonably assigned only to the pre- 
glomerular arteriole. Recent experiments indicate 
that the cell separation theory cannot account for 
more than a small part of the changes in resistance 
occurring during autoregulation (20). As men- 
tioned above, the granular JG cells are in a perfect 
anatomic situation to sense changes in perfusion 
pressure. Being in the wall of the arteriole, they 
could easily sense changes in the stretch of the wall 
and could then secrete more or less of their hor- 
mone in response to this stimulus. Changes in 
perfusion pressure would also tend to alter the 
glomerular filtration rate. Such a change in fil- 
tration rate might somehow be sensed by the spe- 
cialized cells of the macula densa in the distal tu- 
bule. Since the cells of the macula densa are 
quite close to the JG secretory cells, without even 
reticular fibers separating them (21), the JG cells 
might change their rate of secretion in response to 
a change in glomerular filtration. In either case, 
this substance might act primarily on the sphincter 
of small smooth muscle cells located in the afferent 
arteriole in the region between the JG secretory 
cells and the glomerular capillary tuft. Both 
Clara (22) and Appelt (23) have described this 
sphincter situated at the entrance into the glomeru- 
lus. The state of contraction of the cells in this 


micromuscular sphincter could provide the fine 
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adjustment of resistance to blood flow that would 
have to be present on the upstream side of the 
glomerular tuft in order to have autoregulation of 
both renal blood flow and filtration. 

The data obtained in our study partly support 
some of this speculation. In situations where the 
renal arterial bed is fully exposed to hypertensive 
blood pressures, the granulation of the JG cells 
tends to be decreased. Examples of this can be 
found in the “untouched” kidney of unilateral re- 
nal hypertension, in post-DCA hypertension, in 
acute DCTMA hypertension, and in the hyper- 
tension of adrenal regeneration. When the blood 
pressure in the renal arterial bed is lowered, the 
JG cells tend to increase their granulation. Ex- 
amples of this can be found in the kidneys of com- 
pletely adrenalectomized rats, in the various 
“clipped” kidneys of rats where a clip on the renal 
artery of either a normal or an “untouched” kid- 
ney decreases the pressure distal to the clip, and 
especially in the “untouched” kidney of rats in 
whom renal hypertension has been “cured” by 
excising a “clipped” kidney. Wide variations of 
sodium intake could also conceivably operate in 
this manner. High intakes of sodium tend to in- 
crease blood pressure and blood volume; exceed- 
ingly low intakes tend toward a low blood pressure 
and blood volume. Either extreme would be likely 
to produce some change in the stretch of the JG 
cells. 

Whether or not the substance in the granules 
of the JG cells influences local renal circulation, 
the question also arises as to whether it influences 
the caliber of arterioles throughout the systemic 
circulation. If it did, it could be very important 
in producing the increased generalized peripheral 
resistance of arterial hypertension. In hyperten- 
sion it could act either by producing an over- 
abundance of a pressor substance or by failing to 
secrete the normal amount of a depressor sub- 
stance. Since hypertension can be produced by 
removing both kidneys (24, 25), the latter con- 
cept is possibly more attractive. If the substance 
of the JG cells had a role in renal autoregulation 
as well as an effect on systemic arterioles, its ef- 
fect in the hypertension of renal “ischemia” would 
have to be the opposite for the two different sets 
of arteriolar smooth muscle. In partial constric- 
tion of a renal artery, autoregulation would de- 





mand a relaxation of the preglomerular sphincter ; 
while at the same time a generalized constriction 
of arteriolar lumina would be occurring through- 
out the systemic circulation. 

It is difficult to explain the partial degranula- 
tion of the JG cells in the “untouched” kidney of 
rats whose opposite kidney has been clipped with- 
out the development of hypertension. Ninety-five 
per cent of rats with unilateral clipping develop at 
least a slight elevation of blood pressure, and these 
particular rats represent the exceptional 5 per 
cent. Since one kidney has been clipped, these rats 
probably have a tendency to become hypertensive. 
It may be that the JG cells of the “untouched” kid- 
ney in this group of rats became degranulated in 
response to this tendency to hypertension; and 
their process of degranulation, if it represented the 
release of a depressor substance or the failure to 
release the usual amount of a pressor substance 
(see above), might actually be opposing this hy- 
pertensive tendency and thereby helping to main- 
tain the normotensive state. This would imply 
that the JG cells of the “untouched” kidney were 
exerting some sort of antihypertensive activity. 
If this antihypertensive mechanism became ex- 
hausted, similar to exhaustion of the pancreatic 
B-cells, the tendency to hypertension wuuld be 
converted to actual hypertension. We need much 
more evidence before this idea can be anything 
more than pure speculation. 

With our present lack of information, we could 
be completely overlooking even more important 
determinants of juxtaglomerular granulation. In 
any case, the JG cells do undergo marked changes 
in granulation in various forms of experimental 
hypertension. Their exact role in these experi- 
mental models deserves further study. 


SUMMARY 


The juxtaglomerular index, which indicates the 
degree of granulation of cells in the juxtaglo- 
merular aparatus, averages 35 in normal Wistar 
rats. When hypertension is produced by partially 
constricting one renal artery, the juxtaglomerular 
granules double in the ischemic kidney and virtu- 
ally disappear in the “untouched” contralateral 
kidney. If the ischemic kidney is then excised 
seven weeks later, the hypertension disappears 
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and juxtaglomerular granules reappear in normal 
abundance in the previously completely degranu- 
lated contralateral kidney. After partial con- 
striction of one renal artery, the juxtaglomerular 
granules in the opposite kidney disappear; but if 
a constriction is then placed on the artery of this 
degranulated contralateral kidney, the juxtaglo- 
merular granules reappear. Another group of 
rats with one ischemic kidney and a contralateral 
degranulated kidney was placed on a sodium de- 
ficient diet. In half the rats, this diet caused the 
juxtaglomerular granules to reappear in the previ- 
ously degranulated kidney. This diet also in- 
creased granulation in normal rats. Partially 
constricting the renal artery in a rat with only 
one kidney will produce hypertension, and the 
granulation of the lone ischemic kidney remains 
slightly above normal. 

Adrenalectomy doubles the juxtaglomerular in- 
dex; desoxycorticosterone and salt cause the 
granules to disappear while concomitantly produc- 
ing hypertension. 

Some rats that had received desoxycorticos- 
terone pellets remained hypertensive long after 
all pellets had been absorbed. The mean juxta- 
glomerular index for this group was 7, compared 
to a value of 25 in a similarly treated group that 
had become normotensive following the absorp- 
tion of the desoxycorticosterone pellets. 

Hypertension was produced in other rats by 
removing one adrenal and enucleating the other. 
Both the hypertensive and the control groups had 
one kidney removed and were drinking saline solu- 
tion. The hypertensive group with adrenal re- 
generation folowing enucleation had a juxtaglo- 
merular index of 7, while the control group with 
intact adrenals had an index of 20. 
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The enzyme malic dehydrogenase (MDH)? 
catalyzes the conversion of oxalacetic acid to malic 
acid. It resembles lactic dehydrogenase (LDH) 
in acting on an a-keto acid substrate and in being 
a pyridine nucleotide dependent dehydrogenase: 


COOH COOH 
, MDH | 
C=O +DPNH + H* —— CHOH + DPN 
CH: He 
: ( 
COOH OOH 
COOH COOH 
, LDH. | 
C=O + DPNH + H* —— CHOH + DPN 
CH; CH; 


It is of interest that Vallee has offered evidence 
that both rabbit muscle LDH and pig heart MDH 
are zinc enzymes (1, 2). Reports of elevated se- 
rum levels of LDH in cases of myocardial infarc- 
tion and leukemia led to an earlier study (3) 
which demonstrated that normal human serum 
separated electrophoretically contained three en- 
zymes with LDH activity and not one as had been 
anticipated. In an attempt to elucidate the na- 
ture of these three enzymes, an examination of the 
chemically analogous MDH system was under- 
taken. The results indicate that MDH activity 
is also found in three discrete electrophoretic frac- 
tions of the serum proteins, two of which closely 
resemble the corresponding LDH activity peaks. 


METHODS AND MATERIALS 


This study employed sera obtained from 14 subjects 
composed of 10 controls (2 healthy young men and 8 
patients with such diseases as disseminated lupus erythe- 


1 These studies were supported, in part, by a grant-in- 
aid (A-1542) from the National Institute of Arthritis and 
Metabolic Diseases, National Institutes of Health. 

2 The abbreviations used in this paper are as follows: 
MDH = malic dehydrogenase; LDH = lactic dehydroge- 
nase; DPN =diphosphopyridine nucleotide; DPNH= 
diphosphopyridine nucleotide reduced. 


matosus, cirrhosis, Wilson’s disease, and hepatitis), 2 
cases of myocardial infarction and 2 cases of chronic 
lymphatic leukemia. 

The method of zone electrophoresis, using a starch 
supporting medium in barbital buffer, pH 8.6, with an 
ionic strength of 0.1 or 0.05, was used to separate the 
serum proteins (4). After electrophoresis the starch 
block was cut into half inch segments, the protein eluted 
with 5.0 ml. buffer and its concentration determined by a 
modification of the Folin-Ciocalteau procedure (4). An 
aliquot of 2.5 ml. from each eluate was then assayed for 
MDH activity spectrophotometrically by the method of 
Wacker, Ulmer, and Vallee (5). Each eluate was in- 
cubated for 20 minutes at room temperature with 0.2 
ml. of 0.003 molar DPNH. The mixture was trans- 
ferred to a Beckman cuvette of 1 cm. path length; 0.1 ml. 
of 0.0076 molar oxalacetate was added, and the decrease 
in absorption at 340 my was measured in the Beckman 
spectrophotometer. Readings were obtained every 30 
seconds for 3 minutes. One unit of dehydrogenase ac- 
tivity was defined as a decrease in the optical density at 
340 my of 0.001 per minute. Under these conditions, 
the contribution to the observed MDH activity by the 
simultaneous measurement of LDH, caused by spontane- 
ous decarboxylation of oxalacetate to form pyruvate, 
was found to be negligible. Lactic dehydrogenase ob- 
tained from rabbit muscle (Worthington laboratories) 
was found to have insignificant quantities of activity 
when oxalacetate was used as substrate instead of pyru- 
vate. 

In several experiments, a 2.5 ml. sample of an hemoly- 
sate prepared from normal human red cells (6) was 
fractionated electrophoretically and an aliquot of the 
eluate was assayed for MDH activity. To determine the 
pH optima of the three peaks, 0.3 ml. was removed from 
the tube containing the maximum MDH activity, and 
added to tubes containing barbital buffers varying in pH 
from 7.4 to 9.2, all at 0.1 ionic strength. MDH activity 
was then reassayed. 

The effect of the inhibitors, ethylenediaminetetraacetic 
acid and p-chloromercuribenzoate, on each of the activity 
peaks was studied according to the method outlined be- 
low. Immediately after the serum fractions had been 
assayed for enzymatic activity the inhibitor was added, 
the solution thoroughly mixed and the activity redeter- 
mined. The decline in activity between the two meas- 
urements was attributed to the action of the inhibitor. 
The final concentrations of ethylenediaminetetraacetic 
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Fic. 1. Distrisution oF Maric ANp Lactic Deny- 
DROGENASE ACTIVITY IN NorMAL HuMAN SERUM 


Upper curve illustrates an electrophoric pattern of 
normal human serum. Lower curves illustrate distri- 
bution of malic and lactic dehydrogenase activity in se- 
rum fractions. The lactic dehydrogenase activity is indi- 
cated by the solid line and malic dehydrogenase activity 
by the broken line. 


acid and p-chloromercuribenzoate were 6 X 10° M and 
1 X 10* M, respectively. 

The experiments outlined above for serum MDH were 
also performed on serum LDH by substituting the sub- 
strate sodium pyruvate for sodium oxalacetate. 


RESULTS 


Each of the 14 sera separated electrophoretically 
and assayed for MDH and LDH activity revealed 
three main loci of activity (Figure 1). One was 
found in the B-globulin (peak 1); a second peak 
of activity was found in the a,-globulin (peak 2) ; 
and the third occurred between the a,-globulin and 
the albumin, hereafter referred to as the a, peak 
(peak 3). Following electrophoresis, between 80 
and 95 per cent of the MDH activity of the original 
serum was recovered from the starch block. An 
average of 9 per cent of the total activity remained 
adsorbed of the origin. However, the percentage 
varied widely and when fresh nonhemolyzed se- 
rum was used, the amount adsorbed at the origin 
was extremely small. 

In the 10 control subjects (Table I), each peak 
of MDH activity contained a relatively constant 
percentage of the total activity found in serum. 
Forty-six per cent of the total MDH activity was 
found in the B-globulin, 26 per cent in the «,- 
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Fic. 2. THe PatterN OstTaINngED WHEN Eacu HE- 
MOLYSATE PEAK, AFTER HAVING BEEN ISOLATED FROM A 
StarcH Brock, Was RERUN ON A SECOND BLock 


The lactic dehydrogenase activity is indicated by the 
solid line and malic dehydrogenase activity by the broken 
line. 


globulin, 19 per cent in the a, peak and 9 per cent 
at the origin. The distribution of LDH activity 
among the three peaks differed from that of MDH. 
The a, peak contained the largest percentage of 
LDH activity; the 8 peak had the largest per- 
centage of MDH activity. Each of the three ma- 
jor components of MDH and LDH activity iso- 
lated was rerun under similar conditions and was 
found to have the same mobilities as in the start- 
ing material (Figure 2). 

A comparison of the mobilities of the activity 
peaks of LDH and MDH revealed that the a, 
peaks correspond closely as do the a, peaks. How- 
ever, the peak of LDH activity in the f-globulin 
was found to migrate slightly faster than the peak 
of MDH activity (Figures 1, 2, 3, and 4). 

Experiments in which phosphate buffer of pH 
7.5 and 0.1 ionic strength was used, instead of 
barbital buffer of pH 8.6, did not demonstrate any 
alteration in the correspondence of the a, and a, 
MDH and LDH activity peaks. 

With sodium malate as substrate and DPN as 
coenzyme, it was found that the location of the 
three enzymes in the serum fractions was un- 
changed. 

A parallel increase of the a, peak of both MDH 
and LDH was observed in sera from two patients 
with acute myocardial infarction (Figure 3), 
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Fic. 3. DistrrpuTION oF Matic AND Lactic Deuy- 
DROGENASE ACTIVITY IN SERUM FROM A PATIENT WITH 
MyocarDIAL INFARCTION ILLUSTRATING ELEVATION OF 
THE a, PEAK 

Note small activity adsorbed at the origin. The lactic 
dehydrogenase activity is indicated by the solid line and 
malic dehydrogenase activity by the broken line. 


whereas an elevation of the a, peak of both MDH 
and LDH was observed in sera from two cases of 
chronic lymphatic leukemia. Elevation of the a, 
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Fic. 4. DistrrsuTion oF Matic anv Lactic Deny- 
DROGENASE ACTIVITY IN HEMOLYSATE FROM HuMAN RED 
CELLS 

Slight activity remains adsorbed at the origin. The 
lactic dehydrogenase activity is indicated by the solid 
line and malic dehydrogenase by the broken line. 
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peak of LDH activity in cases of myocardial in- 
farction and of the a, peak of LDH activity in 
cases of leukemia has been reported previously 
(3). 

Hemolysates obtained from human red cells, 
separated electrophoretically and analyzed for 
MDH and LDH revealed activity peaks similar 
in mobility to those found in serum (Figure 4). 
The activity peaks in the fractions of the hemoly- 
sate corresponding to the a, and a, peaks of se- 
rum occurred in regions where the protein con- 
centration was extremely low. From the point 
of view of purification of these dehydrogenases, it 
is of interest that the ratio between the activity of 
the enzymes and the concentration of protein in 
the hemolysate fractions greatly exceeds the ac- 
tivity protein ratio in the serum fractions. 

The results of the determinations of the pH 
optima in each of the three peaks of the red blood 
cell hemolysate are shown. in Figure 5. The pH 
optima for both MDH and LDH activity in the 
fraction of the hemolysate corresponding in mo- 
bility to the a,-globulin was 8.2. The MDH and 
LDH activity in the hemolysate fraction corre- 
sponding in mobility to the a,-globulin was found 
to be maximal at 8.5, but in the hemolysate frac- 
tion, corresponding in mobility to the B-globulin, 
the optimum pH for MDH differed from that for 
LDH. A pH of 8.9 was required for maximum 
MDH activity, whereas the optimum pH for LDH 
activity was 8.0. 

Experiments with ethlyenediaminetetraacetic 
acid and p-chloromercuribenzoate showed that un- 
der the conditions employed, approximately 50 per 
cent inhibition occurred in each of the three ac- 
tivity peaks for both MDH and LDH. 


DISCUSSION 


Two of the three dehydrogenases in serum and 
red blood cells which reduce oxalacetate are in- 
distinguishable in electrophoretic mobility and in 
pH optima from those which reduce pyruvate. A 
further indication of the similarity of the enzyme 
producing these two activity peaks is that the ele- 
vation of the a, peak found in serum from pa- 
tients with myocardial infarction occurs with 
either pyruvate or oxalacetate as substrates. Simi- 
larly, elevation of the a, peak found in serum 
from patients with leukemia is present with either 
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substrate. Alterations in the electrophoretic con- 
ditions have failed thus far to separate the dehy- 
drogenase activities obtained in the a, and a, 
peaks. In contrast, the activities in the B-globu- 
lin peak are clearly separable and thus more than 
one enzyme must be present. 

In this connection it is pertinent that Meister 
has shown that many different a-keto and a-diketo 
acids, including oxalacetic acid, can serve as sub- 
strates for LDH obtained from rabbit muscle 
(7). In addition, Davies and Kun have described 
several a-hydroxy dicarboxylic acids which act as 
substrates for MDH obtained from pig heart (8). 
Recently, alcohol dehydrogenase from yeast has 
been shown to oxidize lactate and reduce pyru- 
vate (9). 

The finding of three dehydrogenases in serum 
which reduce pyruvate and of three which reduce 
oxalacetate is in harmony with recent evidence 
for the heterogeneity of enzymes previously 
thought to be homogeneous, and suggests that the 
elevated levels of total serum LDH and MDH 
found in many disease states (5, 10-12) should 
be evaluated in the light of this heterogeneity. 
The restriction of elevated levels of MDH and 
LDH activity to the a, peak in cases of leukemia 
and to the a, peak in cases of myocardial infarction, 
suggests that considerably more information may 
be obtained concerning dehydrogenase activity in 
disease states when fractionation is performed 
than when the measurement of activity is con- 
fined to whole serum. 

Additional evidence for the heterogeneity of 
LDH is provided by Neilands, who demonstrated 
that crystalline LDH prepared from beef heart 
muscle, although monodisperse in the ultracentri- 
fuge, exhibits two peaks of activity following 
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The lactic dehydrogenase activity is indicated by the 


‘solid line and malic dehydrogenase by the broken line. 


electrophoresis (7, 13). Wieland and Pfleiderer 
have also observed the existence of more than one 
enzyme with LDH activity (14) in several or- 
gans of the rat. Different forms of pepsin (15), 
chymotrypsin (16), cytochrome c (17), ribo- 
nuclease (18), lysozyme (19), and enolase (20) 
also have been described. 

Ultracentrifugation studies have failed thus far 
to demonstrate conclusively whether or not the 
LDH activity in serum is attributable to more 
than one component (21). Indeed the possibility 
that a single protein with polymeric forms, as in 
the case of muscle phosphorlylase (22), might 
yield three electrophoretic peaks of activity can- 
not be entirely ruled out. Moreover, the experi- 
mental evidence presented in this paper does not 
eliminate the possibility of the existence of two 


TABLE I 


Malic dehydrogenase activity in serum fractions 








Per cent total activity 








No. of Total 
cases activity B a a Origin a,/ay 
Controls 10 316 46 26 19 9 1.4 

(224-450) (40-54) (18-30) (14-25) (0-18) (1.0-1.7) 

Myocardial infarction 2 604 32 19 47 12 0.4 
473 28 20 41 11 0.4 
Leukemia 2 233 38 49 13 0 3.7 
261 37 43 20 0 ye | 
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chemically distinguishable enzymes (MDH and 
LDH) in the a, peaks and of two different de- 
hydrogenases in the a, peaks. However, since 
zone electrophoresis and pH optima have failed 
to reveal differentiating characteristics, the pos- 
sibility that MDH and LDH activity in the a, 
peaks may be attributable to one enzyme, and that 
one enzyme may be responsible for MDH and 
LDH activity in the a, peaks, should not be sum- 
marily dismissed. 

The suggestion (23) that the three peaks of 
xanthine dehydrogenase activity, which have been 
demonstrated electrophoretically in rat serum, are 
attributable to binding by lipoproteins does not 
apply to LDH. High speed centrifugation in a 
density gradient did not reveal significant activity 
in those fractions rich in lipoproteins. 

Purified preparations of MDH and LDH iso- 
lated from tissues have been shown to possess 
distinguishable physical properties and substrate 
specificities (7, 24). However, these observa- 
tions are not discordant with the results of this 
study, since enzymes performing similar functions 
in different tissues do not always have the same 
substrate specificities (25). 


SUMMARY 


1. Human serum separated electrophoretically 
was found to exhibit three regions of MDH ac- 
tivity. In 10 control subjects the percentage of 
MDH activity in each peak remained relatively 
constant, although the total activity in serum varied 
widely. Hemolysates from red cells separated 
electrophoretically revealed three peaks of de- 
hydrogenase activity similar to those found in 
serum. 

2. The MDH activity peaks in the a,-globulin 
and between the a,-globulin and albumin corre- 
sponded in mobility and in pH optima to the LDH 
activity found in the same regions. Alteration in 
the electrophoretic conditions thus far employed 
have failed to separate the proteins acting on these 
substrates in the two activity peaks. However, 
the LDH activity peak in the B-globulin differed 
from the MDH activity peak, both in electropho- 
retic mobility and pH optima. 

3. The similarities between the a, activity peaks 
of MDH and LDH raise the question of whether 
the a, peaks may be due to a single protein which 
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can act on either substrate. Similarly, the pos- 
sibility that the a, peaks of MDH and LDH ac- 
tivity may also be produced by one enzyme is dis- 
cussed. Further studies will be required to settle 
these questions. 

4. It is suggested that the multiplicity of the de- 
hydrogenase enzymes in serum should be con- 
sidered in evaluating observations of total enzy- 
matic activity in disease states. 
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Acid mucopolysaccharides behaving similarly to 
chondroitin sulfate on paper electrophoresis and 
paper chromatography have been demonstrated 
previously in human leukocytes (1, 2). A chon- 
droitin sulfate-like substance has been recovered 
also from blood platelets of rats (3). A similar 
substance has been demonstrated in human urine 
(4, 5), and this substance has been identified tenta- 
tively as chondroitin sulfate A or C (6). Delay in 
recognizing the occurrence of chondroitin sulfate 
in plasma was occasioned by failure initially to 
recognize that the acid mucopolysaccharides of 
plasma appear to be in combination with plasma 
proteins. 

Chondroitin sulfate-like substances have been 
recovered from human plasma now in a number 
of laboratories, including our own, and reports 
concerning recoveries and quantitative levels have 
appeared (7-9). The acid mucopolysaccharides 
are recoverable from plasma protein precipitated in 
the euglobulin fraction. The present report deals 
with a survey of Cohn fractions of plasma pro- 
teins for acid mucopolysaccharide content. Chief 
occurrence of acid mucopolysaccharides was noted 
in Fractions III and IV-1. 


METHODS 


Human plasma protein Cohn Fractions I, II, III, 
IV-1, IV-4 and V were generously furnished for the 
study by E. R. Squibb and Sons through the kind co- 
operation of Dr. J. N. Ashworth of the American Na- 
tional Red Cross. Duplicate 100 mg. samples were 
tested for acid mucopolysaccharide content by a com- 
bination and modification of the methods of Badin, 
Schubert, and Vouras (7) and DiFerrante (5). In 
brief, the method consisted of enzymatic hydrolysis and 
defatting 2 of the protein fraction, precipitation of acid 


1This work was supported by grants from the Na- 
tional Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service, and the American 
Heart Association. 

2 Ethanol-precipitated protein material was finely sus- 
pended in 3 ml. of 0.1 N HCl. Crystalline pepsin (Na- 


tional Biochemicals Co.), 6 mg. in 1.0 ml. of 0.1 M 
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mucopolysaccharides by the use of cetyl trimethyl am- 
monium bromide (5), and measurement of acid muco- 
polysaccharides as hexuronic acid by the carbazole method 
of Dische (10). The materials recovered were com- 
pared on paper chromatography (4) to commercial 
chondroitin sulfate (General Biochemicals, Inc.) and to 
heparin (Liquamin® Sodium, Organon, Inc.). 

Since acid mucopolysaccharides and lipoproteins were 
found to occur chiefly in the same fractions, an attempt 
was made to determine whether the occurrence of acid 
mucopolysaccharides was influenced by lipid linkages. 
Cohn Fractions II,3 III and IV-1 were subjected to lipid 
extraction by several methods: (A) ethanol-ether (3:1) 
in a one-phase system at 60° C. for three 10 minute pe- 
riods, (B) n-butanol in a two-phase system with water 
at room temperature overnight (11), (C) n-butanol in 
a one-phase system at — 15° C. (11). In each instance 
the lipid solvent layer was removed to tared vessels for 
drying and weighing of lipid residues, the residue was 
extracted in water which was then removed and sub- 
jected to rotary evaporation at 46° C. and measured 
for hexuronic acid content, and the residue itself was 
subjected to enzymatic hydrolysis and precipitation with 
cetyl trimethyl ammonium bromide and measurement 
of hexuronic acid content. 


RESULTS 


Paper chromatographic studies (Figure 1A) of 
material derived from 100 mg. samples of Frac- 


phosphate buffer, pH 5.01, was added. Final pH was 
about 2.0. Digestion was visibly rapid and was con- 
tinued for 90 minutes in a 37° C. water bath. Ethanol 
precipitation (from 80 per cent ethanol after addition of 
0.18 ml. of 25 per cent sodium chloride) was repeated, 
and the precipitate was then extracted with 10 ml. of 
diethyl ether for 15 minutes, centrifuged and taken up in 
4 ml. of 0.1 M pH 7.6 phosphate buffer. Crystalline 
trypsin (50 per cent magnesium sulfate, National Bio- 
chemicals Co.), 4 mg. in 1.0 ml. of 0.01 N HCl, was added. 
Final pH was about 7.0. The material was then trans- 
ferred quantitatively to Visking 18/32 inch cellulose 
casing and dialyzed against 100 ml. of 0.1 M phosphate 
buffer pH 7.6 in a 125 ml. Erlenmeyer flask on a New 
Brunswick Gyrotory Shaker at room temperature for 
four hours, with one change of buffer at two hours. The 
material was diluted to 10 ml. with demineralized water 
prior to the next precipitation step. 

3 Fraction II was included as a control in all three 
methods. 
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Fic. 1. Fitter PAPER CHROMATOGRAMS OF HEXURONIC AcID-CONTAINING POLYSACCHARIDES From CoHN FRAC- 
TIONS OF HUMAN PLASMA 
Solvent 48 per cent ethanol in pH 7.25 M/15 phosphate buffer. 
All spots were intensely metachromatic except those at the starting line of the Cohn fraction materials, where 
the dark spots were predominantly insoluble material taking a bluish stain, showing no definite metachromasia in 
Fraction III material and only slight metachromasia in Fraction IV-1 material. 


tions III and IV-1 showed two chief metachro- 
matic components which have been seen also in 
studies on derivatives of the euglobulin fraction 
of fresh human plasma, using an ethanol-phos- 
phate system. One component moved slightly be- 
hind the chief component of chondroitin sulfate, 
and the slower rate may have been due to a slight 
difference in the viscosity of the material inas- 
much as a mixture of chondroitin sulfate with the 
material failed to resolve into two distinct spots in 
this position (Figure 1B). A second chief com- 
ponent moved much more slowly than chondroitin 
sulfate but faster than heparin; an eluate of this 
component showed on rechromatography the same 
slow spot as before as well as a small amount of the 
faster-moving material which resembled chondroitin 
sulfate ; the tailing effect evident in Figure 1A and 
B was absent in chromatograms of eluates. A third 





minor metachromatic component moved with the 
solvent front; rechromatography of an eluate of 
this component revealed a single spot with mobility 
resembling that of chondroitin sulfate. Meta- 
chromatic material was not demonstrated in chro- 
matograms of Fractions I and IV-4, using material 
derived from 100 mg. of the respective fractions. 
However, a concentrate derived from 400 mg. of 
Fraction I did reveal a small amount of definitely 
metachromatic material which moved slightly off 
the starting line in an ethanol-phosphate system, 
in the area of heparin mobility. It was not pos- 
sible to determine whether the slow mobility was 
truly identical with that of heparin or whether 
mobility was slowed by the comparatively and 
considerably greater amount of extraneous ma- 
terial present in the large amount of material 
concentrated. Separation was insufficient to per- 
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TABLE I 


Results of extraction of Cohn fractions with lipid solvents followed by aqueous extraction of the residue 








Hexuronic acid (ug. per 
100 mg. of original 
fraction) 


Extraction procedure* 


Weight of lipids extracted by 
solvent (mg. per 100 mg. 
of original fraction) 


A B c 








Fraction III (Total APS) 
Lipid solvent extract 
Subsequent aqueous extract 
Residue, APS 


Fraction IV-1 (Total APS) 
Lipid solvent extract 
Subsequent aqueous extract 
Residue, APS 


Fraction II (Total APS) 
Lipid solvent extract 
Subsequent aqueous extract 
Residue, APS 


Lipid solvent controls 


5.3 


0 0.5 0.5 








* A, ethanol-ether (3:1) in a one-phase system at 60° C. for three 10 minute periods; B, n-butanol in a two-phase 


system with water at room temperature overnight (11); C, n-butanol in a one-phase system at —15°C. (11 


+ No determination possible for technical reasons. 


The residue of Fraction III by Method B and the evaporated 


aqueous phase of Fraction IV-1 by Method C presented blanks which were too dark to be visually acceptable, and no 


readings were made. 


Fraction II, which was included as a control in all three methods, could not be separated satis- 


factorily in the two-phase system with m-butanol but was carried through the other two extraction procedures satis- 


factorily. 


mit elution of the area and rechromatography. 
Material derived from 400 mg. of Fraction 1V-4 
showed only a faint spot still slower in its mobility 
than the slow component of Fractions III and 
IV-1 and probably metachromatic; its faintness 
was such as to preclude photography or a more 
definite descriptive statement. 

Hexuronic acid determinations showed no de- 
tectable color in material derived from Fractions 
II and V and trace amounts in Fractions I and 
IV-4 (equivalent to 3.9 and 10.7 yg., respectively, 
of hexuronic acid per 100 mg. of weighed samples 
of the fractions). Fractions III and IV-1 showed 
larger amounts (21.8 and 16.0 yg., respectively). 
The presence of contaminating mucoprotein or gly- 
coprotein was shown by the relatively high hex- 
osamine (2) values obtained on analysis of the 
materials derived from Fractions III and IV-1 
(60.2 and 35.6 pg., respectively). The data were 
regarded as useful, therefore, only insofar as they 
offered collateral support for the observations 
made of metachromatic materials on paper chro- 
matography and as they furnished a baseline for 
the studies involving lipid extractions. 

Results of lipid extraction procedures are sum- 
marized in Table I. Extraction of Fraction III 
with lipid solvents failed to release demonstrable 


acid mucopolysaccharides to subsequent aqueous 
extract by any of the extraction methods used, and 
subsequent analysis of the residue revealed no loss 
of original acid mucopolysaccharide content. Ex- 
traction of Fraction IV-1 with ethanol-ether at 
60° C. (Method A) was followed by demonstra- 
tion of a small amount of hexuronic acid in the 
subsequent aqueous extract and a slight decrease 
in the apparent acid mucopolysaccharide content 
of the residue. A similar result was probably ob- 
served using n-butanol at — 15° C. (Method C) ; 
analysis of the aqueous extract was unsatisfactory 
(see Table I) ; the residue showed a decrease in 
acid mucopolysaccharide content as in Method A. 
The extent to which any of the methods used 
was successful in breaking the lipoprotein bond 
of the partially denatured Fractions III and IV-1 
is open to doubt. The amount of lipid demon- 
strated in the lipid solvent extracts was less by 
weight than the amount which has been demon- 
strated (12) in lipoprotein fractions prior to dry- 
ing and subsequent denaturation. 


DISCUSSION 


A chief site of occurrence of acid mucopoly- 
saccharides in human plasma Cohn fractions has 
been shown in the present study to be those frac- 
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tions (III and IV-1) which contain the major 
portion of the plasma lipoproteins. Paper chro- 
matographic studies of the metachromatic ma- 
terial recovered revealed at least two components, 
one of which resembled the chief component of 
commercial chondroitin sulfate and may possibly 
be the chondroitin sulfate A component described 
by Schiller and Dewey (8). The other component 
was not identified but did not resemble either 
heparin or components of commercial chondroitin 
sulfate. Both components appeared identical to 
those observed in the acid mucopolysaccharide- 
like material recoverable from the euglobulin frac- 
tion of fresh human plasma. 

Attempts to break the lipid-protein bond of 
Fractions III and IV-1 by several procedures 
were only partially successful as judged by weight 
of lipids recovered from the lipid solvent extracts. 
Within the limits of the methods used and to the 
extent that lipid-protein bonds were severed, re- 
lease of acid mucopolysaccharides for subsequent 
aqueous extraction could not be demonstrated 
from Fraction III; a small amount may have been 
released from Fraction IV-1. This could indicate 
that the hexuronate-containing polysaccharides 


were for the most part bound to lipids which re- 
mained bound to proteins despite the extraction 
methods employed. It could also indicate the pos- 
sibility of binding of acid mucopolysaccharides to 
a protein moiety which could be lipoprotein or 
could be other protein fortuitously present in the 


fractions. The present study fails to confirm or 
deny an affinity between acid mucopolysaccharides 
and lipoproteins. It does demonstrate the possi- 
bility of a bond between the two classes of sub- 
stances in that they coincide in their chief site of 
occurrence in plasma protein fractions. 


SUMMARY 


1. Cohn fractions of human plasma _ proteins 
have been investigated to determine the predomi- 
nant site of occurrence of the acid mucopolysac- 
charides which can be demonstrated regularly in 
the euglobulin fraction of human plasma. By the 
methods employed, predominant occurrence was in 
Fractions III and IV-1, Fraction III showing the 
larger amount. 

2. Paper chromatographic studies of the acid 
mucopolysaccharide material recovered from Frac- 
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tions III and IV-1 demonstrated two chief 
metachromatic components. One component re- 
sembled the chief component of commercial chon- 
droitin sulfate in its mobility. A slower compo- 
nent was unidentified. 

3. Attempts to confirm or deny a chemical or 
physical binding between the hexuronate-contain- 
ing polysaccharides and the lipoproteins of Frac- 
tions III and IV-1 were inconclusive. 
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Of the biochemical disturbances associated with 
protein malnutrition in man, hypoalbuminemia is 
undoubtedly one of those most consistently found 
(1, 2). The metabolic mechanisms operating to 
produce this hypoalbuminemia are not known. 
However, analysis of diets of children with se- 
vere protein malnutrition (kwashiorkor) has re- 
vealed that the protein intake of such children is 
less than half of the minimal protein requirement 
for age, even discounting the fact that the pro- 
teins ingested are primarily of vegetable origin 
and that caloric intake is indaequate as well (3, 
4). While it is not possible to decide a priori 
that the hypoalbuminemia in this condition is at- 
tributable to decreased synthesis secondary to 
diminished amino acid intake, this possibility 
would seem the most likely; diminished albumin 
synthesis has been shown to occur in animals on 
comparable diets (5). However, since the plasma 
concentration of albumin represents a balance be- 
tween synthesis, distribution in the body, and 
degradation, any or all of these factors could play 
a role. Consequently, this study was undertaken 
to evaluate the relative influence of each of these 
on the production of hypoalbuminemia in children 
with protein malnutrition. 


METHODS 


Patients. Fourteen children, admitted to the Hospital 
Infantil, Mexico City, with severe protein malnutrition, 
were selected for study (Table I). All of the children 
had a history of prolonged inadequate protein intake and 
repeated episodes of diarrhea during which total food 
intake was greatly reduced as well. Although extremely 
malnourished, 3 children had no edema upon admission 


1 Supported by grants from the National Institute of 
Arthritis and Metabolic Diseases (A-251), United States 
Public Health Service, from Merck Sharp and Dohme, 
and from the William F. Milton Fund of Harvard 
University. 


(Group I), while the other 11 children showed definite 
edema (Group II). Well-developed pellagroid skin 
lesions of the type seen in protein malnutrition were 
present in each of the 11 edematous children, but only 
small atrophic lesions were noted in the other three. 
Microscopic examination of feces revealed G. lamblia in- 
festation in two children, L. B. F. and R. E. J. Patient 
J. M. J. died during the study, and postmortem examina- 
tion revealed, among other things, the presence of 
bronchopneumonia. 

Method of study. Each child was given five drops of 
Lugol’s solution three times a day during the study. 
Within 48 hours of admission, I**-labeled human serum 
albumin was injected intravenously, and the disappearance 
of radioactivity from the serum was followed for about 
three weeks (Period A, Table I) in all patients except 
J. M. J., who died eight days after the start of the study. 
After an additional interval of three to four weeks, eight 
children were given a second injection of radioiodinated 
albumin, and its disappearance was again followed for 
about three weeks (Period B, Table I). The samples of 
iodinated albumin used were, for the most part, prepared 
as described elsewhere (6), but in several instances, two 
preparations obtained from Abbott Laboratories were 
used. In each of the eight children studied on two oc- 
casions, a different iodinated albumin preparation was 
used for the first and second periods. The specific ac- 
tivities of the labeled albumins were such that a maxi- 
mum of 1 mg. of iodinated albumin was injected, or no 
more than 1.5 microcuries per kilogram of body weight. 

The condition of the children upon admission was con- 
sidered to be too serious to warrant continued protein 
restriction. Consequently, with but one exception, dur- 
ing the study the patients were given either milk, later 
supplemented with sugar, or milk supplemented with 
bananas, meat, eggs and vegetables. One patient, 
A. V. M., was given a diet similar to that eaten before 
admission, namely beans and cornmeal cakes, during the 
first study period and then milk supplemented with meat 
and vegetables after this. 

Three of the children, S. S. F., H. T. J. and C. R. V,, 
were restricted to metabolic beds during the study pe- 
riods for the collection of urine. 

The amount of radioactivity in samples of serum or 
urine was determined with a well-type sodium iodide 
crystal scintillation counter. Proteins in the samples 
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TABLE I 


Albumin studies in patients with protein malnutrition 











Albumin in 
Study Serum* Plasma vascular Albumin 
Patient Age Sex period Weight* albumin volume systemt half-life 
yrs. K, Gm. % days 
Group I 

S.S. F. 3 M A 7.10— 8.45 1.50—3.25 452 0.42 9.3 
B 9.50- 9.76 3.95-4.07 688 0.38 9.4 

H. T. J. 3 M A 5.82-— 7.10 1.85—3.58 448 0.42 9.8 
B 8.30— 8.76 3.60-3.75 697 0.32 10.8 

7. c. 55{9 F A 6.80— 8.30 1.65-3.75 398 0.53 6.3 

Group II 

M. X. D. 1%{>9 M A 6.90— 8.50 1.85-4.10 373 0.54 6.6 
B 9.30- 9.30 4.30-4.30 562 0.37 7.0 

J.M.J. 2 M A 4.80- 4.50 1.55-1.87 256 0.47 7.6 
L. B. F. 142 M A 6.90— 7.60 1.50-4.10 380 0.31 10.4 
B 8.10— 8.30 3.13-3.43 498 0.27 10.8 

G.M.E 1849 F A 5.60- 6.75 2.16-3.20 401 0.31 9.0 
B 7.00— 8.00 3.75-3.75 498 0.30 10.8 

C.R.V. 1349 M A 5.92— 6.70 2.62-3.05 418 0.28 8.8 
B 7.40— 8.10 3.75-4.30 468 0.32 9.5 

R.E. J. 18{> F A 7.30— 7.50 2.16-3.75 455 0.34 9.3 
B 8.00— 8.25 3.43-3.43 467 0.32 8.5 

A. V.M 242 M A 8.78— 7.85 1.92-2.35 420 0.40 14.5 
B 10.8 -11.9 4.30-4.75 561 0.30 11.3 

P. B.G. 12 M A 6.44— 5.40 0.80-1.32 518 0.22 11.0 
T. H.C. 5 M A 9.30-11.8 0.85-3.65 720 0.53 7.8 
R. M.A. 6%2 F A 12.0 -14.0 1.07-3.95 712 0.52 8.5 
R.O. M. 3%{o F A 7.50— 8.90 2.75-3.95 362 0.40 7.8 





* At beginning and at end of study period. 
t As fraction of total exchangeable albumin. 


were precipitated in 10 per cent tricholacetic acid and the 
precipitates and supernates assayed for radioactivity. 

Albumin concentrations in serum samples were esti- 
mated immunochemically (7). 


RESULTS 


The albumin half-lives in these children as de- 
termined from the serum disappearance curves 
are shown in Table I. The disappearance of radio- 
iodinated albumin from the serum of some of the 
children is illustrated in Figures 1 to 3. There 
was no significant difference in the half-life of 
radioiodinated albumin during the second study 
period as compared to the first period (Table I). 
In the eight children who were studied twice, the 
half-life of albumin ranged from 6.6 to 14.5 days, 


with an average of 9.7 days in the first period, and 
from 7.0 to 11.3 days, with an average of 9.8 days 
in the second. The fraction of total exchangeable 
albumin found in the vascular compartment in 
these children, as estimated by extrapolation of 
the catabolic phase of the serum disappearance 
curve to zero time, is indicated in Table I. In 
three of the eight children studied twice, this frac- 
tion decreased appreciably from the first study 
period to the second (H. T. J., M. X. D., and 
A. V. M.); it decreased only slightly, if at all, in 
four children (S. S. F., J. M. J., G. M. E., and 
R. E. J.) and increased slightly in one child 
(C. R. V.). The percentage of radioiodinated 
albumin catabolized per day by H. T. J., S. S. F., 
and C, R. V., as calculated from the urinary data 
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represent the first study period and the solid symbols 


indicate the second study period. 
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by the method of Berson, Yalow, Schreiber, and 
Post (8), was found to be, respectively, 6.0, 5.6 
and 5.8 per cent during the first study period, and 
5.8, 6.8 and 5.8 per cent during the second; these 
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THE SERUM ALBUMIN Rose More THAN 1 Gm. PER 
CENT DurRING THE First Stupy PErtiop 


Circles, R. E. J.; diamonds, L. B. F.; and triangles, 
M. X. D. 


values correspond to albumin half-lives of 11.5, 
12.4 and 11.9 days in the first period, and 11.9, 
10.2 and 11.9 for the second. In these patients 
no more than 10 per cent of the administered ra- 
dioactivity was excreted during the first day of the 
study. 

Serum albumin concentrations rose continuously 
and significantly during each first study period; 
the total increment in this time was from 0.32 to 
0.52 Gm. per cent in four children and from 1.04 
to 2.88 Gm. per cent in the others (Table I). 
During the second period, albumin concentrations 
remained rather constant, having reached rela- 
tively normal values by this time; the maximum 
gain in albumin during the second study period 
was 0.55 Gm. per cent. 


DISCUSSION 


Upon admission and during the study, all but 
one of the children were fed a diet higher in pro- 
tein and calories than that which had led to their 
malnourished state. The effects of the diet were 
aparent in clinical improvement and return of se- 
rum albumin concentrations toward normal levels. 
Under these circumstances then, before the re- 
sults of the study can be evaluated, it is necessary 
to decide whether the half-life of albumin deter- 
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mined during the initial study period truly repre- 
sents the turnover of albumin in these children 
before they entered the hospital. Can it be as- 
sumed that the improved diet did not cause an im- 
mediate change in the half-life of albumin? It 
should be noted first that the results obtained can- 
not be attributed to peculiarities of an individual 
radioiodinated albumin preparation since several 
were used and in no case was the same one used 
for the first and second study periods. In Pa- 
tients J. M. J.,C. R. V., A. V. M., and P. B. G., 
the rise in serum albumin concentration was only 
0,32 to 0.52 Gm. per cent during the study period 
and yet the albumin half-life in these children 
(Figure 2) was similar to that in the other chil- 
dren in whom the rise in albumin was three to six 
times as great during the same period of time 
(Figures 1 and 3). In addition, in the three of 
these four patients who survived, the return of 
serum albumin concentrations to normal occurred 
chiefly during the interval between the two study 
periods; the albumin half-life in each of the two 
periods was similar. And finally, although in 
A. V. M. the albumin half-life was similar to that 
in the other children, his diet during the first study 
period was qualitatively the same as that eaten 
before he entered the hospital and consisted of 
beans and cornmeal cakes. It would seem, there- 
fore, that the half-lives of alburain observed ini- 
tially were not drastically altered by the diet, and 
that the hypoalbuminemia initially observed in the 
children studied was attributable to sume factor 
other than simply increased catabolism of albumin. 
With no loss of albumin in the urine, it may be 
concluded that the hypoalbuminemia was due pri- 
marily to decreased albumin synthesis. 

The vascular fraction of the total exchangeable 
albumin in some of these children appeared to be 
somewhat smaller than that usually observed in 
normal children.2 The urinary data suggest that 
this was not due to excessive albumin catabolism 
during the initial part of the study period in at 
least three of the children (H. T. J., S. S. F., and 
C. R. V.). In addition, the same iodoalbumin 


2In normal children the vascular compartment con- 
tains about 35 to 50 per cent of the total albumin pool and 
the range of half-lives for iodinated albumin is about 
9 to 17 days with an average of about 12 days, depending 
upon the preparation used. 


preparation that gave low vascular : total exchange- 
able albumin ratios in some children gave normal 
ratios in others. Finally, a different iodoalbumin 
preparation in the second study period gave low 
ratios in the same children in whom low ratios 
were obtained in the first period. In one patient, 
P. B. G., the serum disappearance curve (Figure 
2) does suggest that albumin catabolism was 
faster in the initial week of study than was ob- 
served later ; unfortunately, urinary excretion data 
in this patient were not obtained and a second 
study was not done. It is interesting that in at 
least three patients, the fraction of total albumin 
present in the vascular system decreased signifi- 
cantly from the first study period to the second. 
This observation is in accord with that of Yuile, 
Lucas, Neubecker, and Whipple, who found that 
protein depletion in dogs was accompanied by a 
decrease in extravascular plasma protein greater 
than that of the vascular plasma protein (9). 

The average albumin half-life and the lower 
limits of the observed range in these children were 
somewhat less than those usually found in normal 
children.2, The reasons for this were not ap- 
parent. Those children with an unusually rapid 
turnover of albumin in the first study period 
showed a similarly rapid albumin turnover during 
the second study period a month later. Whether 
the decreased albumin half-life could be attributed 
to undisclosed infection (10), or to the fact that 
the children had not yet fully recovered, is not 
known. 

It is noteworthy that the metabolic response of 
children to protein deprivation seems to be quite 
different from that observed in lower animals. In 
mice, decreased caloric and protein intake leads 
to decreased albumin synthesis, but this is partially 
compensated by a significant increase in the half- 
life of albumin, reflecting a decreased rate of ca- 
tabolism (5). The children observed in this study 
did not seem to compensate for decreased albumin 
synthesis in this manner. 

In the three patients with the atrophic or non- 
edematous form of protein malnutrition, initial 
levels of serum albumin were lower than in many 
of the children in the edematous state. As has 
been indicated by a number of investigators, the 
presence of edema in this condition is not depend- 
ent solely upon the serum concentration of albu- 


min (11, 12). 








SUMMARY 


The metabolism of serum albumin was studied 
in 14 children with severe protein malnutrition, 
using I***-labeled albumin as a tracer. The half- 
life of albumin in these children during the hypo- 
albuminemic period did not change when the se- 
rum albumin concentration rose to normal values. 
Hypoalbuminemia in these children with low pro- 
tein intakes appears to be due primarily to a de- 
creased rate of albumin synthesis. 
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The application of isotope-dilution methods to 
the study of body composition has provided ac- 
curate in vivo estimates of the amount of body so- 
dium, potassium, chloride, water, and fat in nor- 
mal human subjects of both sexes at many age 
levels (1-10). Similar studies in a variety of dis- 
ease states have shown changes in body compo- 
sition characterized by decreases in body fat, cell 
mass, and body potassium, and increases in body 
sodium and water, when these values are expressed 
on a body weight basis (11-16). While this pat- 
tern of change in composition is apparent in chron- 
ically ill or acutely stressed patients who are free 
of edema, it is particularly pronounced in edema- 
tous subjects (13, 14, 16-18). These studies, 
however, have not indicated whether there are 
changes in the proportions of body sodium, potas- 
sium, and water which are specific for a disease 
state. Recently, Farber and Soberman (19) 
noted that edematous patients with heart disease 
have less body water and a higher ratio of ex- 
changeable sodium to body water than edematous 
patients with hepatic or renal disease. They sug- 
gested that heart failure invokes an increase in 
body sodium content out of proportion to the gain 
of extracellular water. Similar comparative stud- 
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ies with respect to body potassium have not yet 
been reported, although low values have been 
noted in chronically ill patients with and without 
edema (15, 16, 18, 20-23). The lack of a prac- 
tical method for estimating body fat, however, 
makes it difficult to decide whether these findings 
represent a loss of cell mass or a decrease in the 
proportion of potassium to cell mass. 

These studies need to be extended because of 
difficulties in quantitating and interpreting changes 
in body composition in edematous patients. It has 
recently been shown that equilibrium of isotope 
distribution may be delayed in edematous subjects 
(18). The variations of body composition with 
sex (5, 8, 16), age (5, 7, 8, 24, 25), nutrition 
(5, 7, 12, 16), and treatment (15, 19, 22, 26) 
make it important to assure that changes ascribed 
to a disease are not a reflection of some of these 
other factors. 

The objectives of the present investigation were 
to compare total exchangeable sodium (Na,), to- 
tal exchangeable potassium (K,), and total body 
water (T.B.W.) in patients with edema due to 
congestive heart failure and in patients with edema 
due to cirrhosis of the liver, to add information on 
differences in body composition in edematous and 
edema-free patients, and to clarify the interpre- 
tation of changes in body potassium content. 

Sodium?*, K*? and D,O were used as tracers in 
this study, and the findings are expressed as Na,/ 
T.B.W., K./T.B.W., Na./K., Na,/“dry” body 
weight, and K,/“dry” body weight, as well as the 
usual expressions per unit of body weight. The 
results failed to confirm a disproportional in- 
crease in body sodium or a higher ratio of body 
sodium to body water (Na,/T.B.W.) in patients 
with congestive heart failure compared with pa- 
tients with cirrhosis of the liver. However, dis- 
tinct differences in body composition were found 
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TABLE I 
Clinical data—Males 














Transudates 
Body 
Patient Age weight Pleural Peripheral 
number years Kg. Ascites _ effusion edema Remarks 
Group I. Cirrhosis of liver—edema 
2 50 67.3 +4 0 +1 icterus 
3 47 80.0 +1 0 +1 icterus 
6 51 41.8 +3 0 0 liver biopsy, portal cirrhosis 
16 74 101.3 +4 0 +1 icterus; autopsy, portal cirrhosis 
20 45 50.9 +2 0 0 esophageal varices 
24 60 67.0 +3 0 0 
30 51 78.8 +3 0 0 liver biopsy, portal cirrhosis 
66 48 55.5 +2 0 0 liver biopsy, portal cirrhosis 
79 64 78.2 +3 0 +4 icterus 
81 64 81.4 +4 0 +2 icterus 
84 39 84.6 +2 0 +2 icterus 
87 46 76.8 +2 0 0 icterus; hepatic coma 
88 50 60.0 +2 0 +1 icterus 
89 59 67.7 +3 0 +1 
91 42 64.0 +1 0 +1 icterus; liver biopsy, portal cirrhosis 
92 45 60.0 +3 0 +2 icterus 
Mean 52.2 69.7 
Range 39-74 50.9-101.3 
Group II. Congestive heart failure—edema 
1 64 64.1 0 +1 +1 hypertensive and arteriosclerotic heart disease 
5 64 53.9 0 +1 +1 hypertensive and arteriosclerotic heart disease 
10 66 119.5 +4 0 +4 arteriosclerotic heart disease 
11 76 80.0 0 0 +2 hypertensive and arteriosclerotic heart disease 
12 68 59.8 0 0 +1 arteriosclerotic heart disease 
18 55 41.8 0 0 +1 cor pulmonale 
25 67 47.7 0 0 +t arteriosclerotic heart disease 
26 58 75.8 0 +1 +3 hypertensive and arteriosclerotic heart disease 
37 79 62.3 0 0 +1 hypertensive and arteriosclerotic heart disease 
47 54 48.6 0 0 +2 hypertensive cardiovascular disease 
51 84 56.4 0 0 +2 arteriosclerotic heart disease 
61 71 58.0 0 0 +2 arteriosclerotic heart disease 
75 66 53.6 0 0 +2 heart disease of unknown type 
78 40 71.4 0 0 +2 hypertensive cardiovascular disease 
90 60 53.2 +3 0 +4 hypertensive cardiovascular disease 
93 74 65.9 +2 0 +2 arteriosclerotic heart disease 
Mean 65.4 63.3 
Range 40-84 47.7-119.5 
Group III. Hospitalized ‘‘controls’’—no edema 
4 68 86.9 0 0 0 benign gastric ulcer 
9 45 69.2 0 0 0 duodenal ulcer 
14 67 59.5 0 0 0 abscesses of wrist and elbow 
15 72 59.3 0 0 0 cellulitis of arm and leg 
31 69 48.0 0 0 0 pulmonary emphysema 
34 90 43.6 0 0 0 generalized arteriosclerosis 
41 73 60.5 0 0 0 cerebrovascular accident 
45 74 57.0 0 0 0 anemia and purpura 
49a 33 44.0 0 0 0 pulmonary tuberculosis 
76 62 62.5 0 0 0 panhypopituitarism 
Mean 65.3 59.1 
Range 33-90 43.6-86.9 
Group IV. Patients with heart disease—previously edematous 
21 60 59.8 0 0 0 cor pulmonale 
42 71 44.8 0 0 0 cor pulmonale 
52 70 50.9 0 0 0 heart disease of unknown type 
Mean 67.3 51.8 
Range 60-71 44.8-59.8 
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TABLE II 
Clinical data—Females 














Transudates 
Body 
Patient Age weight Pleural Peripheral 
number years Kg Ascites effusion edema Remarks 
Group V. Cirrhosis of liver—edema 

19 28 39.6 +1 0 0 icterus 

22 37 39.8 +1 0 0 icterus 

35 43 51.8 +3 0 0 

44b 43 56.8 +3 0 0 icterus; liver biopsy, portal cirrhosis 

50 39 65.7 +3 0 0 icterus; autopsy, portal cirrhosis 
Mean 38 50.7 
Range 28-43 39.6-65.7 

Group VI. Congestive heart failure—edema 
7 67 85.0 0 0 +3 arteriosclerotic heart disease 

23 51 55.2 0 0 +2 cor pulmonale 

49b 86 51.8 0 0 +1 hypertensive and arteriosclerotic heart disease 

80 82 63.6 0 0 +1 arteriosclerotic heart disease 
Mean 12 63.9 
Range 51-86 51.8-85.0 

Group VII. Hospitalized ‘‘controls’’—no edema 

40 78 41.4 0 0 0 cerebrovascular accident 

39 28 36.4 0 0 0 adrenal insufficiency 

72 77 43.2 0 0 0 subdural hematoma, postoperative 
Mean 61 40.3 
Range 28-78 36.4-43.2 





between edematous and edema-free patients, and 
all patients differed significantly from normal sub- 
jects in all three categories of body composition. 


SUBJECTS AND METHODS 


Subjects. Fifty-seven patients were studied. They 
were divided into the following groups for purposes of 
comparison : 


Group I: Sixteen edematous males with cirrhosis of 
the liver. 

Group II: Sixteen edematous males with congestive 
heart failure. 

Group III: Ten nonedematous male hospitalized “con- 
trols.” 

Group IV: Three nonedematous males with heart dis- 
ease who had been edematous. 

Group V: Five edematous females with cirrhosis of the 
liver. 

Group VI: Four edematous females with congestive 
heart failure. 

Group VII: Three nonedematous female hospitalized 
“controls.” 


Only subjects in whom an unequivocal diagnosis could 
be made by clinical and laboratory criteria were included 
for study. All patients received the customary treatment 
for their disease up to the week of study. The period 
of hospitalization, duration of treatment and loss of 


weight prior to the time of study were similar in the 
subjects with edema of cardiac and hepatic origin. The 
hospitalized “control” group consisted of patients without 
either heart disease or cirrhosis of the liver who had 
never been edematous. All patients were fed an analyzed 
diet containing 10 mEq. of sodium and 28 mEq. of po- 
tassium per 24 hours for at least one day prior to and 
the three days of study. Diuretics were withheld dur- 
ing the period of study. Food and fluid were withheld 
for the six hour period of D,O equilibration. 

Methods. All isotopes were administered intravenously 
from calibrated syringes. Three hundred wc. of K* was 
administered in the afternoon of the first day of study. 
Thirty-six to 40 hours later, following a complete void- 
ing, two consecutive spot urine specimens were collected 
over a three to six hour interval. Catheterization was 
used when necessary to ensure complete urine collection. 
At the time of the first spot urine collection, 45 to 100 
ml. of 99.5 per cent D,O was injected. Four and one- 
half and six hours later, venous blood was collected for 
deuterium, sodium, and potassium analyses; 150 uc. of 
Na™ was then injected. Venous samples for Na™ assay 
were collected 23 and 24 hours later. 

The analytic procedures for chemical and radioactive 
assay have been described in detail (18). Potassium® 
was counted with an end-window Geiger-Miiller tube, and 
Na™ with a well-type sodium iodide scintillation counter. 
Serum collected just prior to Na™ injection was counted 
as a blank correction for residual K® at the time of 
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radiosodium assay; this correction was less than 2 per 
cent in all cases. D.,O concentrations were determined in 
triplicate on each specimen by the falling drop method. 
Loss of D,O was calculated as 0.16 per cent of the in- 
jected dose per hour (18). 

Calculations. Standard formulas were used in calcu- 
lating specific activities, Nae, Ke, and T.B.W. (1). Zero 
time was taken to be the time at which the final equili- 
bration samples for Ke and T.B.W. were obtained. 
“Dry” body weight was calculated by subtracting the 
measured T.B.W. from the patient’s body weight at zero 
time. Back correction of the measured Nae to zero time 
was accomplished by metabolic balance from the known 
diet and the urinary sodium excretion during the 24 hour 
period of Na™ equilibration. 


RESULTS 


To avoid systematic influences on body composi- 
tion because of age, sex and clinical status, the 
patients were grouped as listed in Tables I and II. 
The three primary groups for this study are the 
male subjects in Groups I, II and III. Tables 
III through VII list all the body composition data 
and the derived ratios of Na,./T.B.W., Na,./“dry” 
body weight, Na./K,, K,./T.B.W., and K,/“dry” 
body weight. The statistical summary for the 
male subjects in Group I (cirrhosis of the liver 
with edema), Group II (congestive heart failure 


with edema), and Group III (hospitalized “con- 
trols”) is given in Table VIII. 


Total body water 


The mean values for T.B.W. as per cent of 
body weight for edematous males with cirrhosis of 
the liver and congestive heart failure were 58.6 
and 62.9 per cent, respectively ; these values were 
significantly greater than the mean of 54.6 per 
cent for male hospitalized “controls.” The dif- 
ference between the mean values in congestive 
heart failure and in cirrhosis of the liver is not 
statistically significant. Although the female sub- 
jects were few in number, the values for T.B.W. 
in those with heart failure average less than in 
those with cirrhosis of the liver (See Table VII). 
The three males with heart disease who were no 
longer edematous had the highest mean value for 
T.B.W. as per cent of body weight (See Table VI). 


Total exchangeable sodium 


In the edematous male patients with cirrhosis of 
the liver and those with congestive heart failure, 
mean values for Na,/body weight were 54.1 mEq. 
per Kg. and 57.8 mEq. per Kg., respectively, 


TABLE III 


Group I—Body composition in male patients with cirrhosis of liver and edema 











“Dry” Nae Ke 
Serum Serum T.B.W. body Nae “Dry” Nae Ke “Dry” Ke 
Patient Na* K* T.B.W. Bodywt. wt.t Nae Bodywt. bodywt. T.B.W. Ke Body wt. bodywt. T.B.W. Nae/Ke 
number mEqg./L. mEq./L. es % Kg. mEq. mEq./Ke. mEq./Kg. mEq./L. mEq. mEg./Kg. mEq./Kg. mEq./L. mEq./mEq. 
2 145.0 3.07 39.26 58.3 28.0 4,152 61.7 148.3 105.8 1,785 26.5 63.8 45.5 2.33 
3 144.7 3.91 43.11 53.9 36.9 3,541 44.3 96.0 82.1 3,205 40.1 86.9 74.3 1.10 
6 127.7 5.18 26.86 64.3 14.9 2,417 57.8 162.2 90.0 1,438 34.4 96.5 53.5 1,68 
16 139.9 3.19 50.14 49.5 51.2 5,153 50.9 100.6 102.8 2,350 23.2 45.9 46.9 2.19 
20 127.1 4.87 27.66 54.3 23.2 2,359 46.3 101.7 85.3 1,665 32.7 71.8 60.2 1,42 
24 133.0 3.89 37.43 55.9 29.6 3,511 52.4 118.6 93.8 2,140 31.9 72.3 57.2 1.64 
30 146.1 3.55 52.28 66.3 26.5 5,386 68.3 203.2 103.0 2,819 35.8 106.4 53.9 1,91 
66 150.2 4.33 32.57 58.7 22.9 3,085 55.6 134.7 94.7 1,816 32.7 79.3 55.8 1.70 
79 123.2 3.54 43.53 55.7 34.7 4,300 55.0 123.9 98.8 1,680 21.5 48.4 38.6 2.56 
81 143.4 3.94 52.09 64.0 29.3 5,510 67.7 188.1 105.8 2,308 28.4 78.8 44.3 2.39 
84 143.4 4.07 55.55 65.7 29.0 5,470 64.7 188.6 98.5 2,775 32.8 95.7 50.0 1,97 
87 125.7 3.52 40.01 52.1 36.8 2,852 37.1 77.5 71.3 2,521 32.8 68.5 63.0 1.13 
88 140.2 3.78 37.92 63.2 22.1 3,284 54.7 148.6 86.6 2,197 36.6 99.4 57.9 1.49 
89 135.5 3.94 35.62 52.6 32.1 3,116 46.0 97.1 87.5 1,762 26.0 54.9 49.5 1.77 
91 143.3 4.27 38.33 59.9 25.7 3,308 51.7 128.7 86.3 2,415 37.7 94.0 63.0 1,37 
92 134.8 4.38 38.03 63.4 22.0 3,103 51.7 141.0 81.6 2,349 39.2 106.8 61.8 1,32 
Mean 137.7 3.91 40.65 58.6 29.1 3,784 54.1 134.9 92.1 2,202 32.0 79.3 54.7 1.75 
S.D.t +5.5 +8.6 +37.5 +10.0 +5.5 +20.0 +8.9 +0.45 
Range 123.2- 3.07- 26.86- 14.9-  2,359- 1,665- 
150.2 5.18 56.12 51.2 5,510 3,205 





* mEq. per liter of serum water. 
t+ Body weight minus total body water. 


tS.D, = 2G ==), 
n-1 





nun 
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TABLE IV 
Group II—Body composition in male patients with congestive heart failure and edema 














“Dry” Nae Ke 
Serum Serum T.B.W. body Nae “Dry” Nae Ke “Dry” Ke 
Patient Na* K* T.B.W. Bodywt. wt.t Nae Bodywt. bodywt. T.B.W. Ke Bodywt. bodywt. T.B.W. WNae/K. 
number mEqg./L. mEq./L. : % Kg. mEq. alts. /Kg. mEq./Kg. mEq./L. mEq. mEq./Kg. mEq./Kg. mEgq./L. mEq./mEq. 
1 154.5 4.55 34,05 53.1 30.0 3,122 48.7 104.1 91.7 2,454 38.3 81.8 72.1 1.27 
5 141.8 4.61 33.78 62.7 20.1 3,189 59.2 158.7 94.4 1,963 36.4 97.7 58.1 1.62 
10 148.0 4.74 69.64 58.3 49.9 6,983 58.4 139.9 100.3 3,293 27.6 66.0 47.3 2.12 
11 146.7 4.16 39.85 49.8 40.1 3,812 47.7 95.1 95.7 2,681 33.5 66.9 67.3 1.42 
12 129.2 4.88 35.00 58.5 24.8 2,359 39.4 95.1 67.4 2,599 43.5 104.7 74.3 0.91 
18 146.9 4.69 24.89 59.5 16.9 1,953 46.7 115.6 78.5 1,862 44.5 110.2 74.8 1.05 
25 146.2 4.13 30.91 64.8 16.8 3,113 65.3 185.3 100.7 1,665 34.9 99.1 53.9 1.87 
26 137.0 6.45 49.52 65.3 26.3 5,116 67.5 194.5 103.3 2,772 36.6 105.4 56.0 1.85 
37 145.1 4,65 32.41 52.0 29.9 2,971 47.7 99.4 91.7 1,986 31.9 66.4 61.3 1.50 
47 137.6 4.52 31.57 65.0 17.0 3,046 62.7 179.2 96.5 1,750 36.0 102.9 55.4 1.74 
51 119.5 4.74 36.78 65.2 19.6 3,385 60.0 172.7 92.0 1,424 252 72.7 38.7 2.38 
61 122.6 4.96 39.99 68.9 18.0 3,451 59.5 191.7 86.3 2,048 35.3 113.8 $1.2 1.69 
75 125.3 5.88 38.87 72.5 14.7 3,659 68.3 248.9 94.1 1,699 31.7 115.6 43.7 2.15 
78 139.9 3.34 50.36 70.5 21.0 3,702 51.8 176.3 73.5 3,723 52.1 177.3 73.9 0.99 
90 138.5 4.25 36.34 68.3 16.9 3,733 70.2 220.9 102.7 1,571 29.5 93.0 43.2 2.38 
93 144.0 3.37 47.21 71.6 18.7 4,770 724 255.1 101.0 1,928 29.3 103.1 40.8 2.47 
Mean 138.9 4.62 39.45 62.9 23.8 3,648 57.8 164.5 91.9 2,214 35.4 98.5 57.0 1.71 
S.D. +7.0 +9.8 +49.5 +10.6 +6.9 +27.2 +12.6 +0.51 
Range 122.6- 3.34- 24.89- 14.7-  1,953- 1,424- 
154.5 6.45 69.64 49.9 6,983 3,723 
* mEq. per liter of serum water. 
+ Body weight minus total body water. 
TABLE V 


Group III—Body composition in male patients, hospitalized ‘‘controls”’ 














“Dry” Nae Ke 
Serum Serum T.B.W. body Nae “Dry” Nae Ke “Dry” Ke 
Patient Na* K* T.B.W. Bodywt. wt.t Nae Bodywt. bodywt. T.B.W. Ke Body wt. bodywt. T.B.W. Nae/Ke 
number mEq./L. mEq./L. L. % Kg. mEq. mEq./Kg. mEq./Kg. mEq./L. mEq. mEq./Kg. mEq./Kg. m&q./L. mEq./mEq- 
4 146.3 4.41 43.79 50.4 43.1 3,511 40.4 81.5 80.2 3,427 39.4 79.5 78.3 1.03 
9 147.7 3.94 37.81 54.6 31.4 3,040 43.9 96.8 80.4 3,126 45.2 99.6 82.7 0.97 
14 146.3 4.32 30.15 50.7 29.3 2,624 441 89.6 87.0 2,040 34.3 69.6 67.7 1.28 
15 145.1 4.59 32.34 54.5 27.0 2,646 44.6 98.0 81.8 2,112 35.6 78.2 65.3 1.25 
31 145.3 5.21 27.83 58.0 20.2 2,257 47.0 111.7 81.1 2,105 43.9 104.2 75.6 1.07 
34 143.6 4.37 25.21 57.8 18.4 2,287 52.5 124.3 90.7 1,491 34.2 81.0 59.1 1.53 
41 132.2 4.45 29.85 49.3 30.6 2,446 40.4 79.9 81.9 1,805 29.8 59.0 60.5 1.36 
45 128.7 5.10 32.12 56.4 24.9 2,707 47.5 108.7 84.3 1,996 35.0 80.2 62.1 1.36 
49a 133.3 3.70 25.93 58.9 18.1 2,317 52.7 128.0 89.4 1,741 39.6 96.2 67.1 1.33 
76 134.1 4.62 34.38 55.0 28.1 2,645 42.3 94.1 76.9 2,180 34.9 77.6 63.4 1.21 
Mean 140.3 4.47 31.94 54.6 ps fet 2,648 45.5 101.3 83.4 2,202 37.2 82.5 68.2 1.24 
S.D. +3.1 +41 +16.6 +4.5 +4.8 +13.9 +8.0 +0.17 
Range 128.7- 3.94- 25,21- 18.4- 2,257- 1,491- 
146.3 5.21 43.79 43.1 3,511 3,427 
* mEq. per liter of serum water. 
+ Body weight minus total body water. 
TABLE VI 


Group IV—Body composition in male patients with heart disease who were previously edematous 











“Dry” Nae Ke 
Serum Serum T.B.W. body Nae “Dry” Nae Ke “Dry” Ke 
Patient Na* K* T.B.W. Bodywt. wt.t Nae Bodywt. bodywt. T.B.W. Body wt. bodywt. T.B.W. Nae/Ke 
number mEg./L. mEq./L. L. % Kg. mEq. mEq./Kg. mEq./Kg. mEq./L. aa. mEq./Kg. mEq./Kg. mEq./L. mEq./mEq. 
21 136.0 4.86 33.54 56.1 26.3 3,149 52.7 119.7 93.9 2,168 36.3 82.4 64.6 1.45 
42 131.8 4.35 29.75 66.4 15.0 2,495 55.7 166.3 83.9 1,650 36.8 110.0 55.5 1.51 
52 141.4 3.78 35.17 70.1 15.7 3,294 64.7 209.8 93.7 2,180 42.8 138.9 62.0 1.51 
Mean 136.4 4.33 32.82 64.2 19.0 2,979 57.7 165.3 90.5 1,999 38.6 110.4 60.7 1.49 
Range 131.8- 3.78— 29.75- 56.1- 15.0- 2,495— 52.7- 119.7- 83.9- 1,650-  36.3- 82.4- 55.5- 1.45- 
141.4 4.86 35.17 70.1 26.3 3,294 64.7 209.8 93.9 2,180 42.8 138.9 64.6 1.51 





* mEq. per liter of serum water. 
t Body weight minus total body water. 








692 





both of which were significantly higher than the 
mean value of 45.5 mEq. per Kg. in the “control” 
group (Tables III, IV, V and VIII and Figure 1). 
These findings confirm the relationship between 
edema formation and increased body sodium con- 
tent (18). There is, however, no statistically im- 
pressive difference in Na,./body weight between 
Groups I and II (cirrhosis and heart failure) 
(See Table VIII). 

Exchangeable sodium was expressed per unit 
of “dry” body weight to eliminate the contribu- 
tion of edema water to weight, and the following 
mean values were obtained: “controls,” 101.3 
mEq. per Kg.; edematous male cirrhotics, 134.9 
mEq. per Kg.; and edematous cardiacs, 164.5 
mEq. per Kg. The values for each of the groups 
of edematous male patients differed significantly 
from those for the “controls.” The Na,/““dry” 
body weight was higher in the male edematous 
subjects with heart failure than in the edematous 
subjects with cirrhosis, but because of the large 
standard deviations, statistical significance was 
not achieved. 
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The ratio of Na, to T.B.W. was calculated to 
evaluate whether there are disproportional changes 
in sodium content with edema formation in dif- 
ferent diseases. The mean values for the ratio 
Na,/T.B.W. were 83.4 mEq. per L. for “con- 
trols,” 92.1 mEq. per L. for edematous male cir- 
rhotics, and 91.9 mEq. per L. for edematous male 
cardiacs. The difference between the “control” 
group and the edematous groups is probably sig- 
nificant. There is no difference between edema- 
tous male cardiacs and cirrhotics (see Tables III, 
IV, V and VIII and Figure 1). This ratio is of 
the same magnitude in the edematous female sub- 
jects and in the nonedematous patients with heart 
disease as in the edematous male subjects (see 
Tables VI and VII). 

Expressing body sodium in proportion to “dry” 
weight or to body water takes into account the ef- 
fect of variations in absolute water content on rela- 
tive body sodium content, but these ratios do not 
reflect the proportion of sodium to the fat-free 
mass of the body. The K,, however, may be an 
approximate index of lean body mass even in these 


seriously ill subjects. The ratio of Na./K, was 


TABLE VII 
Groups V, VI, VII—Body composition in female patients 








“Dry” 
T.B.W. body Nae 


Serum Serum X 
T.B.W. Body wt. wt.t Nae Body wt. 


Patient Na* K* 
number mEq./L. mEq./L. L. % Kg. 


Nae Ke 
“Dry” Nae Ke “Dry” Ke 


body wt. T.B.W. Ke Body wt. bodywt. T.B.W. Nae/Ke 


mEq. mEq./Kg. mEgq./Kg. mEgq./L. mEq. mEq./Kg. mEgq./Kg. mEq./L. mEgq./mEq. 





Group V. Cirrhosis of liver—edema 


19 138.6 3.68 22.69 57.3 16.9 2,228 56.3 
22 140.4 4.02 22.01 55.3 17.8 1,995 50.1 
35 138.2 4.41 35.52 68.6 16.3 3,772 72.8 
44b 130.7 3.90 32.55 57.3 24.2 2,941 51.8 
50 138.7 3.24 36.00 54.8 29.7 3,376 51.4 


Mean 137.3 3.85 29.75 58.7 21.0 2,862 56.5 


Range 130.7- 3.68- 22.01- 54.8- 16.3- 1,995- 50,1- 
140.4 4.41 36.00 68.6 29.7 3,376 72.8 


Group VI. Congestive heart failure—edema 


7 152.1 4.00 44.77 52.7 40,2 4,876 57.4 
23 136.4 5.40 36.28 65.7 18,9 3,495 63.3 
49b 140.7 2.83 30.26 58.4 21.5 3,176 61.3 
80 122.2 4.88 23.99 37.7 39.0 1,957 30.7 


Mean 137.9 4.28 33.82 53.6 29.9 3,376 53.2 


Range 122.2- 2.83- 23.99- 37.7- 18.9- 1,957- 30.7- 
152.1 5.40 44,77 65.7 40.2 4,876 63.3 


Group VII. Hospitalized ‘‘controls’’—no edema 


40 143.0 3.62 22.20 53.6 19.2 2,146 51.8 
39 137.6 4.10 17,97 49.4 18.4 1,228 33.7 
72 134.9 4.06 25.95 60.1 17.2 2,110 48.8 


Mean 138.5 3.93 22.04 54.4 18.3 1,828 44.8 


Range 134.9- 3.62—- 17.97- 49.4- 17.2-  1,228- 33.7- 
143.0 4.10 25.95 60.1 19.2 2,146 51.8 


131.8 98.2 1,203 30.4 71,2 53.0 1.85 
112.1 90.6 1,266 31.8 71,1 57.5 1.58 
231.4 106.2 1,525 29.4 93.6 42.9 2.47 
121.5 90.4 1,683 29.6 69.5 51.7 1,74 
113.7 93.8 2,133 32.5 71.8 59.3 1.58 
142.1 95.8 1,562 30.7 75.4 52.9 1.84 
112.1-  90.4- 1,203- 29.4- 69,.5- 42.9- 1.58- 
231.4 106.2 2,133 32.5 93.6 59.3 2.47 
121.3 1089 1,936 22.7 48.2 43.2 2.52 
184.9 96.3 1,704 30.8 90.2 47.0 2.05 
147.7. 105.0 =—1,245 24.0 57.9 41.1 2.55 
50.2 81.6 1,164 183 29.8 48.5 1.68 
126.0 98.0 1,512 24,0 56.5 45.0 2.20 
50.2-  81.6- 1,164- 18.3- 298- 41.1- 1,68- 
184.9 1089 1,936 308 90.2 48.5 2.55 
111.8 96.7 1,218 =. 29.4 63.4 54.9 1.76 
66.7 68.3 1,358 37.3 73.8 75.6 0.90 
122.7 81.3 1,667 385 96.9 64.2 1,27 
100.4 82.1 1,414 35.1 78.0 64.9 1.31 
66.7- 68.3- 1,218- 294- 63.4- 54.9-  0.90- 
122.7 96.7 1,667 38.5 96.9 75.6 1.76 





* mEq. per liter of serum water. 
+ Body weight minus total body water. 
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TABLE VIII 


Statistical summary of body composition in edematous male patients with cirrhosis of the liver and 
congestive heart failure and in hospitalized ‘‘controls”’ 








Significance of differences 





Cirrhosis vs. Cirrhosis vs. Cardiacs vs. 











Cirrhosis Congestive Hospitalized cardiacs controls “controls” 
of liver heart failure “‘controls”’ 
Mean + S.D. Mean + S.D. Mean + S.D. t* p tt p tt p 

Age 2.2 65.4 65.3 
(range) (39-74) (40-84) (33-90) 
Body weight: Kg. 69.7 63.3 59.1 
(range) (50.9-101.3)  (47.7-119.5) (43.6-86.9) 
T.B.W. % body weight 58.6 62.9 54.6 1.93 >0.05 2.09 >0.02 3.49 <0.01 

+5.5 +7.0 +3.1 <0.05 
“Dry” body weight: Kg. 29.1 23.8 27.1 
(range) (14.9-51.2) (14.7-49.9) (18.4—43.1) 
Na./body weight 54.1 57.8 45.5 1.13 >0.2 2.94. <0.01 3.74 <0.01 
mEq./Kg. +8.6 +9.8 +4.1 
Na,/‘‘dry” body weight 134.9 164.5 101.3 1.91 >0.05 2.66 <0.02 3.87 <0.01 
mEq./Kg. +37.5 +49.5 +16.6 
Na./T.B.W. 92.1 91.9 83.4 0.06 >0.5 2.58 <0.02 2.41 >0.02 
mEq./L. +10.0 +10.6 +45 <0.05 
K./body weight 32.0 35.4 37.2 1.54 >0.1 2.45 >0.02 0.73 >0.4 
mEq./Kg. +5.5 +6.9 +4.8 <0.05 
K./“dry” body weight 79.3 98.5 82.5 2.27 >0.02 044 >0.5 1.71 >0.1 
mEq./Kg. +20.0 +27.2 +13.9 <0.05 
K./T.B.W. 54.7 57.0 68.2 0.60 >0.5 3.92 <0.01 2.52 <0.02 
mEq./L. +8.9 +12.6 +8.0 
Nae/Ke 1.75 1.71 1.24 0.24 >0.5 3.44 <0.01 2.81 <0.01 
mEq./mEq. +0.45 +0.51 +0.17 
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therefore calculated for each subject. The follow- 
ing mean values for the ratio of Na./K, were ob- 
tained : “controls,” 1.24; male patients with edema 
and cirrhosis, 1.75; and edematous males with 
heart failure, 1.71. The values in the edematous 
patients differed significantly from those of the 
“control” group, but sodium content, when re- 
ferred to an approximate measure of intracellular 
mass (K,), was similar in edematous subjects re- 
gardless of type of disease (see Table VIII and 
Figure 1). In the three subjects with heart dis- 
ease without edema the Na,./K, ratio was inter- 
mediate between the value for the edematous sub- 
jects and the value for the hospitalized “controls” 
(see Tables VI and VIII). 





Total exchangeable potassium 


The mean values for K,/body weight for Groups 
I, II, and III (cirrhotics, cardiacs, and “controls” ) 
were 32.0, 35.4, and 37.2 mEq. per Kg., respec- 
tively. Only the difference between the “controls” 
and the edematous cirrhotics approaches statisti- 
cal significance (0.05 >p> 0.02) (see Table 
VIII). Nor are there any significant differences 
in K, per Kg. of “dry” body weight between the 
edematous male subjects and the hospitalized 
“controls.” The higher value in the edematous 
male cardiacs compared with that in the edematous 
male cirrhotics is of borderline significance, and 
the female subjects show an opposite trend (see 
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Nae /BODY WT. Nag /DRY BODY WT. Nae /T.B.W. Nae /Ke 
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60° 180° T T 2.25 r 
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30}; 60} 75+ 
20 - 20 25 Lz 
DIAGNOSIS CL CHF C CL CHF C Ct CHF C 
NUMBER OF 
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Fic. 1. Comparison oF NAc IN EpEMATOUS MALE PATIENTS WITH CIRRHOSIS OF THE LIVER 
AND CoNGESTIVE HEART FAILURE AND IN HospPItaALizEp “CoNTROLS” 


The mean Nae is depicted by the height of the bar, and the length of the line is equal to twice 
the standard deviation. The Nae is expressed as mEq. per Kg. of body weight, mEq. per Kg. 
of “dry” body weight, mEq. per L. of T.B.W., and mEq. per mEq. of Ke. CL stands for 
cirrhosis of the liver, CHF for congestive heart failure, and C for hospitalized “controls.” 


Tables VII and VIII). The values for K./“dry” 
body weight in the male subjects with heart disease 
but without edema also were high (see Table VI). 
Since the ratio of K, to “dry” body weight re- 
flects relative degrees of leanness as well as changes 
in potassium content, the latter findings probably 
indicate fat loss rather than conservation of 
potassium. 

As one would expect, the ratio K./T.B.W. was 
significantly lower in patients with edema than 
in nonedematous subjects. The mean values for 
the K./T.B.W. ratio were 68.2 for “controls,” 
54.7 for edematous male cirrhotics, and 57.0 for 
edematous male cardiacs. The edematous groups 
differed significantly from the “controls,” but not 
from each other (see Tables III, IV, V, and VIII 
and Figure 2). The results were the same in the 
female subjects (see Table VII). Indeed, these 
results reflect largely the diluting effect of over- 
hydration on this ratio, and the reciprocal of this 
ratio (K,/T.B.W.) is probably a fairly accurate 
measure of the magnitude of edema formation. 
The similarity of this ratio in Groups I and II 
probably indicates similar proportions of overhy- 
dration with respect to potassium content in these 
subjects. 


DISCUSSION 


Figures 1 and 2 depict the data on body com- 
position in the three primary groups of patients. 
The Na,./T.B.W. ratio in the edematous patients 


with congestive heart failure is no different from 
that in the edematous patients with cirrhosis of the 
liver. The Na,/body weight and the Na,/“dry” 
body weight in edematous cardiacs exceed the 
corresponding value in the patients with liver 
disease, but the difference is not statistically con- 
vincing (p>0.05). There are, furthermore, 
strikingly similar differences in K./body weight 
and K,/“dry” body weight between these two 
groups (see Table VIII and Figure 2). Although 
the higher Na,/body weight and K,/body weight 
in the cardiacs might refiect changes in electrolyte 
content characteristic of these disease states, it is 
far likelier that the patients with liver disease had 
a higher percentage of body fat which diluted 
these parameters of body composition, 7.¢., Nae 
and K, (see Table VIII). Edema formation ap- 
pears, therefore, to be associated in these groups 
of subjects with similar changes in body composi- 
tion, regardless of the type of disease. These re- 
sults do not confirm the report of a lower body 
water content and a higher ratio of body sodium 
to body water in edematous subjects with heart 
disease than in edematous cirrhotics (19). Ex- 
changeable sodium per Kg. of “dry” body weight 
and per L. of body water is high in subjects with 
heart failure rendered edema free (see Table VI). 
The T.B.W./body weight and the ratio of K, to 
“dry” body weight are higher in these three sub- 
jects than in the “controls,” while K,/T.B.W. is 
slightly lower (see Tables VI and VIII), which is 
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Fic. 2. CoMParIsoN oF K. IN EDEMATOUS MALE PATIENTS WITH CIRRHOSIS OF THE LIVER AND 
ConGESTIVE HEART FAILURE AND IN HosPITALIzED “CONTROLS” 


The mean K. is depicted by the height of the bar, and the length of the line is equal to twice 
the standard deviation. The Ke is expressed as mEq. per Kg. of body weight, mEq. per Kg. of 
“dry” body weight, and mEq. per L. of T.B.W. The diagnostic symbols are the same as in 


Figure 1. 


consistent with the previous conclusion that 
greater depletion of body fat, rather than selective 
accumulation of sodium, is involved in the process 
of heart failure. 

The differences in the results obtained by us and 
those reported by Farber and Soberman (19) de- 
serve some analysis. The Na, and T.B.W. data 
are summarized in Table IX. The results agree 
within 4 per cent except for the body water values 
and consequently the ratio of Na./T.B.W. in the 
groups with heart failure. These discrepancies 
could arise from differences in patient populations 
(1.e., average fat content, influences of treatment, 
incidence of hyponatremia or amount of edema) 


or in methods of measurement. All our subjects 
had been treated and had long standing congestive 
heart failure; as a result fat content may have 
been lower. There is little difference in the mean 
and variance with respect to serum sodium con- 
centration in the two groups [see Table IV (19) 
and Table IV, this paper]. While differences in 
the amount of edema in the two groups could ac- 
count for differences in T.B.W., this would not 
explain the discrepancy in the Na,/T.B.W. ratio. 
Our results appear to be characteristic of the pa- 
tient population with heart failure at this hospital 
since they are in agreement with those obtained 
previously (18). With respect to methods of 


TABLE IX 


Comparison of Na, and total body water in patients with edema 








Congestive heart failure 


Cirrhosis of liver 











Nae/ T.B.W./ Nae/ T.B.W./ 
Subjects bodyweight body weight Nae/T.B.W. Subjects body weight body weight Nae/T.B.W. 

Reference no. mEq./Kg. % mEq./L. no. mEq./Kg. % mEq./L. 
(19) 50 59.9 55.5 108.2 16 56.2 61.0 90.3 
+11.0 +7.5 +12.0 +9.3 +7.2 +11.6 
This paper 16 57.8 62.9 91.9 16 54.1 58.6 92.1 
+9.8 +7.0 +10.6 +8.6 +5.5 +10.0 
% difference —3.6 +12.5 — 16.3 —3.8 —4.0 +2.0 
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measurement, Farber and Soberman used anti- 
pyrine to estimate body water after checking 
against D,O. A perusal of their data, however, 
reveals high Na,./T.B.W. values in seven of their 
edematous cardiac subjects, ranging from 124 to 
140 mEq. per L. These figures, which were not 
approached in our study, are close to the simultane- 
ously determined serum sodium concentration. 
This would be possible only with a massive de- 
gree of potassium depletion. An alternative pos- 
sibility is that the distribution of antipyrine may 
be delayed in some cases of congestive heart fail- 
ure, yielding low values for T.B.W. 

Figure 1 demonstrates that edema formation is 
associated with a parallel increase in body sodium 
with respect to all four standards of reference 
(body weight, “dry” body weight, T.B.W., and 
K.), which confirms the findings in many previ- 
ous studies (13, 14, 16, 18, 19, 26). Body potas- 
sium was no lower in the patients with edema than 
in the hospitalized “controls” when the diluting 
effect of edema water was eliminated. The values 
for K,./body weight in these patients are in ac- 
cord with those published previously (11, 15, 16, 
20, 22, 23). Body potassium appeared to be ab- 
normally low in all patient groups. The K,/ 
“dry” body weight in young adult males calcu- 
lated from the data of Corsa, Olney, Steenburg, 
Ball, and Moore (2) is 129+ 20 mEq. per Kg.® 
and from the data of Ikkos, Ljunggren, Luft, and 
Sjogren (9) is 137 + 31 mEq. per Kg.®° These 
figures are significantly higher than the values of 
80 + 20 mEq. per “dry” body weight * in the male 
cirrhotics and 83+14 mEq. per “dry” body 
weight * in the male hospitalized “controls” (see 
Table VIII). The female patients all showed 
similar decreases in body potassium (see Table 
VII). The near normal values of 99 + 27 mEq. 
per Kg. “dry” body weight in the edematous 
cardiacs and 110 + 15 mEq. per Kg. “dry” body 
weight * in the nonedematous cardiacs probably 
reflect more advanced degrees of fat depletion 
rather than greater conservation of body potas- 
sium. Since disease is generally attended by loss 
of body fat, these figures relating body potassium 
to water-free body mass probably underestimate 
the degree of potassium depletion in all of these 
groups. 


6 Mean plus or minus one-fourth of range. 
7 Mean plus or minus standard deviation. 
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The conclusion that there is depletion of body 
potassium with chronic or debilitating disease is 
supported but is not definitively proved by our 
data. There are very few K, figures available for 
normal subjects of middle and older ages for 
comparisons with our data. In addition, potas- 
sium content is a function of lean body mass, and 
until methods are available for simultaneous esti- 
mation of total body fat, it is not possible to quan- 
titate potassium loss precisely. Moore and his 
coworkers (23, 27) used radiobromide to estimate 
extracellular fluid simultaneously with K,, Na, 
and T.B.W., and concluded that intracellular 
potassium concentration is normal in starvation 
and depletion states in spite of reductions in body 
potassium. The heterogeneity of extracellular 
fluid makes these estimates inconclusive, how- 
ever, since sodium and chloride are present in 
cells, transcellular fluid and dense connective tis- 
sues in varying quantities which have not yet 
been completely defined (28-32). 

A clear distinction must be made between po- 
tassium depletion and potassium deficiency. The 
former refers to a decrease in potassium content 
per unit of lean body mass which may be an ob- 
ligatory consequence of the disease process, since 
intracellular potassium accumulation is linked 
with cellular energy expenditure (32). In the 
latter case the cells are capable of accumulating 
potassium when it is provided in adequate quan- 
tities. Body composition studies alone do not, 
of course, enable one to make this distinction. 


SUMMARY 


Total exchangeable sodium, total exchangeable 
potassium and total body water were determined 
in nonedematous hospitalized “controls” and in 
edematous patients with cirrhosis of the liver and 
chronic congestive heart failure with the use of 
Na‘, K*? and D.O as tracers. 

Total body water expressed as per cent of body 
weight is increased in edematous subjects; it av- 
eraged 58.6, 62.9 and 54.6 per cent in male sub- 
jects with edema and cirrhosis and with edema 
and heart failure, and in “controls,” respectively. 

Edema formation is associated with an increase 
in Na, by all criteria (per unit body weight, per 
unit “dry” body weight, per liter of body water 
and per mEq. of K,). While the Na,/“dry” body 
weight was highest in the edematous cardiac 
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group, no difference was found in the ratios of 
Na./T.B.W. and Na./K, between edematous 
cirrhotic and edematous cardiac subjects. Selec- 
tive or disproportionate accumulation of sodium 
with heart disease beyond that associated with 
edema formation was not demonstrated. 

Exchangeable potassium was decreased below 
normal standards when referred to either body 
weight or “dry” body weight in all groups of pa- 
tients. There was no difference in body potas- 
sium between edematous and nonedematous sub- 
jects when referred to “dry” body weight. Edema- 
tous male cardiacs had the highest K,/“dry” body 
weight, probably because total body fat was least 
in this group. 

Limitations in interpretation of these data are 
discussed. 
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Remarkable elevation of the serum potassium 
concentration without associated manifestations of 
hyperkalemia was observed in a patient with an 
unexplained increase in the blood platelets (1). 
Studies of the phenomenon in this patient indi- 
cated that the excess of potassium was derived 
from the platelets during the coagulation of the 
blood. Hyperkalemia was encountered in certain 
other patients with thrombocytosis. In contrast, 
no striking elevation of the serum potassium con- 
centration was observed when normal platelets 
were concentrated in vitro. 


METHODS AND MATERIALS 


Preparation of native blood and plasma specimens. 
Native (without anticoagulant) blood and plasma speci- 
mens were processed by previously described methods 
with reliance on the use of low temperatures and silicone- 
treated 2 equipment (2, 3). Platelet-free plasma was 
prepared from the blood specimen only after prior sepa- 
ration of platelet-rich plasma. 

Preparation of acid-citrate-dextrose plasma. Acid- 
citrate-dextrose? (ACD) solution was added to whole 
blood prior to centrifugation in the proportion of one 
part of the anticoagulant to four parts of blood. 

Isolation of platelets. Blood (300 to 500 ml.) was col- 
lected from an antecubital vein into silicone-treated tubes 
packed in an icebath. Saftidonor* sets were used for 


1 This study was supported in part by Research Grants 
H-1435, H-3509 and H-1601 from the Division of Re- 
search Grants and Fellowships of the National Institutes 
of Health, and in part by the John A. Hartford Founda- 
tion, Inc., New York, N. Y. 

2Syringes and the Lusteroid centrifuge tubes were 
coated with General Electric Dri-film SC-87 and lubri- 
cated with General Electric Silicone Oil SF-96 (200). 
Other containers and apparatus were coated with Dri- 
film only. 

8 Acid-citrate-dextrose (ACD) solution consisted of 
sodium citrate, 1.32 Gm.; citric acid, 0.48 Gm.; and dex- 
trose, 1.47 Gm. in distilled water to a total of 100 ml. 

4 Saftidonor sets were kindly provided by Dr. E. B. 
McQuarrie, Biochemical Research Division, Cutter Lab- 


the collection of the blood in order to minimize trauma 
and exposure to surfaces such as occurs when blood is 
collected by multiple syringe technique. The blood was 
processed with and without the use of ACD anticoagu- 
lant. Native (without anticoagulant) and ACD platelet- 
rich plasmas were prepared by slow speed centrifugation 
(1,500 to 2,000 rpm) in a refrigerated Servall angle 
centrifuge. A viscid plug of platelets was isolated from 
platelet-rich plasma by centrifuging at higher speeds 
(12,000 rpm). The supernatant plasma was thoroughly 
removed by draining and wiping the inside of the tube 
carefully. The platelet plug was placed in a deep-freeze. 
A small red button (red cells) was noted on the bottom 
of the platelet plug. In order to obtain a plug free of 
red and white cells, the red button with a small portion 
of the adjacent whitish material was removed while the 
plug was in a frozen state. The material removed was 
estimated to be less than 2 per cent of the volume of the 
plug. 

The platelet plug isolated from a measured volume of 
platelet-rich plasma was weighed and its volume deter- 
mined by centrifugation in a graduated centrifuge tube. 
Platelet water was determined by allowing the wet plugs 
to reach constant weight by drying in an oven set at 
80° C. 

Blood counts. Platelet counts were performed in dupli- 
cate by the phase microscopy method of Brecher and 
Cronkite (4). Counts on undiluted platelet-free plasma 
and serum were performed as previously described (3). 
Red and white blood cell counts on platelet-rich and 
platelet-free plasma and on serum were performed in the 
routine manner, using appropriate pipet dilutions. 

Potassium concentrations in serum, plasma and plate- 
lets. Native whole blood or plasma was placed in sili- 
cone-treated tubes for one hour at 37° C. The clots were 
then removed. The red blood cells in the serum from 
clotted whole blood were removed by high speed centri- 
fugation in silicone-treated equipment at low temperature. 

Proteins were removed from serum and plasma speci- 
mens by precipitation with 5 per cent trichloracetic acid. 


oratories, Berkeley, Calif. The intravenous needles in 
these sets had been pretreated with silicone and were of 
No. 15 or No. 17 gauge. Only the intravenous needle 
and the attached, proximal 12 inches of plastic tubing 
were used. The distal segment of tubing and phlanged 
blood bottle needle were removed prior to venipuncture. 
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Potassium determinations were carried out in duplicate 
filtrates by flame photometry with a Beckman model B 
instrument. The variations between duplicates were as 
follows: 82 samples, < 0.1 mEq. per liter; 43 samples, 
0.1; 19 samples, 0.2; 4 samples, 0.3; and 6 samples, 0.4. 
The thrombin and ACD solutions and distilled water 
used in these studies contained no measurable potassium. 

The platelet plugs were analyzed for sodium and 
potassium in the following manner: Protein was pre- 
cipitated with 5 per cent trichloracetic acid or digested 
with hot nitric acid. The trichloracetic acid precipitates 
were allowed to stand for 48 hours at 5° C. The sus- 
pensions were centrifuged and the supernatant analyzed 
for sodium and potassium by employing the Beckman 
DU spectrophotometer with flame attachment. 

Red blood cell potassium determinations. Heparinized 
blood was obtained in a ratio of 1 mg. dried heparin ® to 
5.0 ml. of blood. Red blood cell potassium concentration 
was calculated from the whole blood and platelet-free 
plasma determinations, and from the average of triplicate 
determinations of the volume of packed red blood cells. 
No correction for “trapped” plasma was employed. 


Case report 


M. H. (Johns Hopkins Hospital No. 268267), a col- 
ored male, was first seen in 1945 at the age of 70 years 
with symptoms of congestive heart failure and angina 
pectoris. A diagnosis of hypertensive and arterioscler- 
otic cardiovascular disease was made. The congestive 
heart failure responded to therapy which included the 
occasional use of mercurial diuretics. 

The patient’s status was reevaluated in March, 1952, 
because of increasing congestive heart failure. Physical 
examination revealed grade I vascular changes of the 
ocular fundi. There were a few fine rales at both lung 
bases. The heart was enlarged to the left, and there 
was a soft apical systolic murmur. The pulse rate was 
82 and the blood pressure was 164/80 mm. Hg. The 
liver was palpable 2 cm. below the right costal margin. 
The spleen was not palpable, and there was no lympha- 
denopathy. There was bilateral pitting ankle edema. 
Neurological examination was unremarkable. 

From March, 1952, to August, 1952, the following 
laboratory observations were recorded. The serological 
tests for syphilis were negative. The volume of packed 
red blood cells varied between 44 and 50 per cent, and the 
volume of packed white blood cells and platelets between 
4 and 5 per cent. The white blood cell count ranged 
between 9,000 and 13,000 per cu. mm. Differential white 
blood cell counts were repeatedly normal except for a 
persistent basophilia of 2 to 3 per cent. The platelet count 
varied between 1,200,000 and 2,000,000 per cu. mm. Uri- 
nalyses were normal except for occasional mild protein- 
uria and the finding of a rare hyaline cast. Phenosul- 
fonthalein excretion totaled 58 per cent in two hours. 
The potassium concentration in serum obtained from 


5 Heparin sodium, 1,000 U.S.P. units (10 mg.) per 
ml. was kindly supplied by the Upjohn Company, Kala- 
mazoo, Mich. 


clotted whole blood varied between 7.0 and 8.0 mEq. ber 
liter when tested on five occasions and in two different 
laboratories. Electrocardiogram revealed no evidence of 
hyperkalemia. The serum sodium concentration varied 
between 133 and 138 mEq. per liter. The following blood 
chemical determinations were repeatedly normal: NPN, 
serum chloride, Co, combining power, bilirubin, cephalin 
flocculation, thymol turbidity, serum inorganic phos- 
phorus, total serum proteins, albumin-globulin ratio, 
cholesterol, and serum alkaline phosphatase activity. 
Bromsulfothalein excretion test revealed 1 mg. per cent 
retention in 30 minutes. 

Both bone marrow aspiration smears and surgical bi- 
opsy specimens revealed a marked increase in the pro- 
portion of megakaryocytes but no other abnormalities. 
There was no evidence of myelofibrosis or myelosclerosis. 

The period from August, 1952, to the patient’s death 
in January, 1956, was characterized by the following 
manifestations: increasing difficulty in control of the 
angina pectoris and congestive heart failure, and pro- 
gressive enlargement of the liver (to the right iliac crest) 
and spleen (to 14 cm. below the left costal margin). 
There was no lymphadenopathy. 

A leukocytosis developed and the platelet count and 
serum potassium concentration gradually fell. A typical 
blood examination (obtained in March, 1955) revealed 
the following: volume of packed red blood cells, 51.3 
per cent; volume of packed white blood cells and plate- 
lets, 1.0 per cent; white blood cells, 18,350 per cu. mm.; 
platelets, 438,000 per cu. mm.; and serum potassium con- 
centration, 4.8 mEq. per liter. The differential white 
blood cell count revealed: 1 per cent blasts, 3.5 per cent 
undifferentiated myelocytes, 2.0 per cent differentiated 
myelocytes, 6.5 per cent juvenile neutrophils, 62 per 
cent polymorphonuclear neutrophils, 3 per cent eosinophils, 
14 per cent basophils, 6.5 per cent lymphocytes, and 1.5 
per cent monocytes. Five nucleated red blood cells were 
noted per 200 white blood cells. At no time was anemia 
present. 

The patient died in January, 1956. Permission for 
autopsy was not obtained. Although a tissue diagnosis 
was not possible, it was thought that the patient did rep- 
resent an instance of agnogenic myeloid metaplasia. 


RESULTS 
A. Patient studies 


Results of studies shown in Table I demonstrate 
that the remarkable findings of thrombocytosis 
and hyperkalemia noted in Patient M. H. were 
related. Serum obtained from clotted whole blood 
or platelet-rich plasma had a markedly elevated 
potassium concentration, i.e., 7.2 to 9.6 mEq. per 
liter. In contrast, serum obtained from clotted 
platelet-free plasma had a normal potassium con- 
centration, 7.¢., 4.2 to 5.4 mEq. per liter. When 
plasmas with intermediate concentrations of plate- 
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TABLE I 


The relationship between platelet levels and serum potassium concentrations 














Platelet-rich plasma Whole blood Platelet-free plasma 
Platelets Serum Platelets Serum Platelets Serum 
Patient and diagnosis (X10%) potassium (X<10%) potassium (X10*) potassium 
pdercu.mm. mEq./L. ber cu.mm. mEq./L. per cu.mm. mEq./L. 
A. Patients with thrombocytosis 
M.H. Myeloid metaplasia (?) 3,120 9.6 1,210 py: <A 5.2 
3,470 8.8 7.8 <1 5.0 
3,220 8.0 <1 5.4 
1,610* 7.0 
3,250 8.6 <i 4.2 
406* 4.8 
{| 102* 4.3 
4,350 9.6 
R.W. Thrombocytosis, cause undetermined 2,200 7.4 1,820 o.5 1.0 4.7 
R.C. Myeloid metaplasia, postsplenectomy 2,440 5.8 1,740 5.5 2.8 4.5 
2,900 6.8 <1 4.8 
2,160 6.2 <1 4.1 
E.T. Myeloid metaplasia (?) 5,530 5.6 3,880 a3 <1 4.3 
M.M. Myeloid metaplasia, postsplenectomy 2,730 §:2 2,000 5.3 2.8 4.2 
H.L. Chronic myeloid leukemia 1,630 5.8 978 5.4 1.7 wk 
W.B. Thrombocytosis, cause undetermined 1,210 5.6 966 5.9 <i 5.0 
E.H. Chronic myeloid leukemia 1,530 4.8 1,090 5.0 <1 4.7 
M.W. Myeloid metaplasia (?) 2,850 5.4 1,210 5.5 <1 5.2 
B. Postsplenectomy thrombocytosis 
B.W. Idiopathic thrombocytopenic purpura 1,200 Ss 490 4.9 <i 4.8 
H.M. Acquired hemolytic anemia 1,050 a 640 5.4 <i 5.3 
N.V. Idiopathic thrombocytopenic purpura 970 yf 541 5.3 4.0 4.8 
C. Thrombocytopenic patients 
T.K. Idiopathic thrombocytopenic purpura 3.6 4.4 <i 4.3 
B.W. Idiopathic thrombocytopenic purpura 4.5 4.5 <1 3.8 
N.V. Idiopathic thrombocytopenic purpura 89 4.8 <i 52 
D. Normal subjects 
S. M. 462 4.6 <1 3.9 
R. H. 172 44 146 4.3 <1 4.5 
E.N. 349 5.0 201 5.0 <1 3:3 
J.G. 381 4.5 180 4.5 <1 4.6 
| Pp. Os 506 4.0 150 35 <1 3.6 





* To obtain these levels the platelet-rich plasma was diluted with an appropriate amount of platelet-free plasma. 





lets were obtained by diluting platelet-rich with 
platelet-free plasma prior to clotting, the resulting 
serum potassium concentrations were likewise in- 
termediate in value, i.e., 4.3 to 7.0 mEq. per liter. 
These results demonstrated that the apparent ele- 
vation of serum potassium concentration actually 
represented a spurious hyperkalemia,® and that the 


6 The term spurious hyperkalemia, while possibly open 
to criticism from a purist point of view, was used to 
avoid repetition of such lengthy phrases as “hyperka- 
lemia due to release of potassium from large numbers 
of platelets during coagulation.” The term does not im- 
ply error in potassium determinations. Arbitrarily the 
term was used only when serum from clotted platelet- 
rich plasma had a potassium concentration more than 
1.3 mEq. per liter above that of serum from platelet-free 
plasma. 


circulating plasma potassium concentration was 
normal. 

Similar studies were carried out on eight other 
patients with thrombocytosis (Table I, Group A). 
In two (R. W. and R. C.) of the eight patients, 
the potassium concentration in serum obtained 
from whole blood or platelet-rich plasma was more 
than 6.0 mEq. per liter. In these two patients, 
the difference in potassium concentration in serum 
obtained from platelet-rich plasma and from plate- 
let-free plasma ranged from 1.3 to 2.7 mEq. per 
liter. In the other six patients this difference was 
less than 1.3 mEq. per liter. Studies (not shown 
in Table I) on another patient, W. S., with agno- 
genic myeloid metaplasia, were of particular in- 
terest. Examination of the peripheral blood sug- 








gested megakaryocytic leukemia. An estimated 
platelet count was 642,000 per cu.mm. Innumer- 
able giant abnormal platelets were noted on the 
smear, and there were 200 megakaryocytes and 
megakaryocytic fragments per 100 white blood 
cells. The white blood cell count was 9,900 per 
cu. mm. and the volume of packed white blood 
cells and platelets was 5 per cent. The potassium 
concentration in serum obtained from clotted 
whole blood was 10.0 mEq. per liter, but there 
were no associated manifestations of hyperkalemia. 
Following five weeks of therapy with Myleran,® 
the platelet count fell to 126,000 per cu. mm. 
There were 66 megakaryocytes and megakaryo- 
cytic fragments per 100 white blood cells. The 
white blood cell count was 1,800 per cu. mm. and 
the volume of packed white blood cells and plate- 
lets was 0.7 per cent. At this time the potassium 
concentration in serum obtained from clotted 
whole blood was 5.4 mEq. per liter. There were, 
therefore, four patients (M. H., R. C., R. W., and 
W. S.) with thrombocytosis and an associated 
spurious hyperkalemia. 

Three patients with mild postsplenectomy 
thrombocytosis (Table I, Group B), three with 
thrombocytopenia (Group C), and five normal 
subjects (Group D) were similarly studied. In 
all instances the differences in the potassium con- 
centration in serum obtained from whole blood, 
platelet-rich and platelet-free plasma were less 
than 1.0 mEq. per liter. 

Results of two determinations of red blood cell 
potassium in one of the patients (R. C.) with 
spurious hyperkalemia were 102.8 and 105 mEq. 
per liter. Red blood cell potassium concentration 
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in five normal subjects ranged between 89 and 
104.8 mEq. per liter. These values agree well 
with those reported by Knowles, Alverson, and 
Rubenstein (5). Thus, the red blood cell potas- 
sium content was not strikingly increased in this 
patient with spurious hyperkalemia. 


B. Special studies 


Factors influencing the release of potassium from 
platelets 


The effect of incubation of clotted plasma pre- 
pared from a patient (M. H.) with spurious hy- 
perkalemia was studied as follows: Platelet-rich 
and platelet-free ACD plasma samples were clotted 
by the addition of thrombin solution. The clotted 
platelet-free plasma and a portion of the clotted 
platelet-rich plasma were incubated at 37° C. for 
one hour after addition of the thrombin. There- 
after, the clots were removed and the potassium 
concentrations were determined on the sera. The 
clots were removed from the other portion of 
platelet-rich plasma one minute after the addition 
of thrombin, and the potassium concentration was 
determined on the serum. Results are shown in 
Table II. The increase in potassium concentra- 
tion in sera from platelet-rich plasma occurred 
within one minute after coagulation. These data 
indicate that a large amount of potassium was re- 
leased rapidly from platelets into serum after co- 
agulation had occurred. Additional incubation of 
clotted platelet-rich plasma at 37° C. was associ- 
ated with release of still more potassium into the 
serum. 

The effect of platelet disruption by freezing was 


TABLE II 


The effect of coagulation, clot retraction, and freezing on the serum potassium concentration 








Serum obtained from 
platelet-free plasma 
(platelets = <1,000 

per cu. mm.) 


Serum obtained from clotted 
platelet-rich plasma 





Plasma frozen Clot removed 
Platelet and thawed 


Clot removed Clot removed 


60 min. after one min. after 60 min. after 





count of five times coagulation coagulation coagulation 
platelet-rich Whole before coagu- withthrombin with thrombin with thrombin 
plasma platelet-rich lation with (clot had (no clot (no clot 
(X108) plasma thrombin* retracted) retraction) retraction) 
per cu. mm, mEq./L. mEq./L. mEq./L. mEq./L. mEq./L. 
Patient M. H. 3,250 9.6 8.6 7.0 4.2 
3,226 8.0 7.2 5.4 
Patient R. C. 2,730 7.4 7.3 5.8 4.5 








* The results were essentially the same whether the platelets were removed by centrifugation prior to clotting by 
thrombin or not. 


ie 
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studied as follows: Platelet-rich and platelet-free 
ACD plasmas were rapidly and repeatedly frozen 
and thawed using an alcohol-dry-ice mixture. 
Some of the frozen and thawed platelet-rich plasma 
was centrifuged to remove platelet fragments. 
All of the plasma specimens were clotted by the 
addition of thrombin solution. After incubation 
for one hour at 37° C., the clots were removed and 
potassium concentrations determined. Results are 
shown in Table II. Disruption of the platelets by 
freezing released into the serum an additional in- 
crement of potassium (1.0 to 1.5 mEq. per liter) 
over and above that released by coagulation alone. 
The potassium concentrations in whole platelet- 
rich plasma and in serum obtained from frozen and 
thawed platelet-rich plasma were essentially iden- 
tical, suggesting that freezing released virtually 
all of the potassium from platelets (see Table I, 
Patient R. C.). An aqueous suspension of plate- 
lets prepared from the blood of Patient R. C. was 
frozen and thawed five times and then centrifuged 
at high speed. The supernatant was removed and 
hydrochloric acid was added to the sediment in a 
volume equal that of the supernatant. This was 
allowed to stand at 5° C. for four weeks. The 
potassium concentration of the aqueous super- 
natant was 2.4 mEq. per liter and that of the hy- 
drochloric acid used for leaching tiie sediment was 
less than 0.5 mEq. per liter. These data indicate 
that disruption of platelets by freezing releases 
most of the potassium from the platelets. 

The effect of incubation of unclotted platelet- 
rich plasma prepared from Patient R. C. was stud- 
ied as follows: Platelet-rich ACD plasma was in- 
cubated at 37° C. and at 2° C. At intervals, ali- 
quots were removed and centrifuged at high speed 
to remove the platelets. Potassium concentra- 
tions were determined in the supernatant platelet- 
free plasma. The whole platelet-rich plasma had 
a potassium concentration of 6.8 mEq. per liter. 
Platelet-free plasma specimens, whether freshly 
prepared or the supernatant from incubated and 
centrifuged platelet-rich plasma, had a potassium 
concentration of 5.4+0.1 mEq. per liter. It is 
apparent that no measurable amount of potassium 
was released from the platelets during incubation 
of unclotted plasma for 60 minutes either at 37° C. 
or at 2° C. 

The platelets of Patient R. C. with spurious 
hyperkalemia were subjected to various experi- 


mental conditions in vitro, e.g., incubation at 37° 
C. for several days, exposure to glass surfaces in 
rotating flasks, and incubation in hypotonic solu- 
tions. Survival, as measured by clot retraction 
(6), was not different from that of normal plate- 
lets. This patient’s platelets likewise showed nor- 
mal in vivo survival when transfused into a patient 
with severe thrombocytopenia. Thus there was no 
evidence of abnormal fragility or shortened po- 
tential lifespan. 


Platelet potassium and sodium concentrations 


Platelet potassium concentration was originally 
estimated in terms of platelet counts in plasma 
containing more than several million thrombocytes 
per cu.mm. These data suggested that the plate- 
lets in some cases of thrombocytosis might con- 
tain as much as twice the amount of potassium as 
normal platelets. This was not explained by a 
larger size of the average platelet since one of the 
patients with spurious hyperkalemia had platelets 
which appeared smaller than normal. Further- 
more, our experience indicated that it was diffi- 
cult to obtain accurate platelet counts in platelet- 
rich plasma containing greater than two million 
per cu. mm. The need for more precise meas- 
urement was obvious. 

Table III shows the results of the direct deter- 
mination of potassium in platelet plugs isolated 
from normal subjects and from patients with 
chronic myeloid leukemia, myeloid metaplasia and 
polycythemia vera. The potassium concentration 
of normal platelets had a mean value of 69.1 mEq. 
per Kg. of platelet mass (wet weight). A slight 
but definite increase in platelet potassium was ob- 
served in the patients with myeloid metaplasia and 
polycythemia vera. In chronic myeloid leukemia 
there was little change from the normal. 

The amount of sodium in platelets was also 
measured. No significant difference was observed 
in the sodium concentration of platelets isolated 
from normal subjects and from thrombocythemic 
patients. The water content of platelets from nor- 
mal subjects and thrombocythemic patients was 
78.8 to 80.9 and 79.2 to 80.0 per cent, respectively. 
The concentrations of potassium and sodium in 
terms of platelet water are presented in Table III. 

The volume of the packed platelet mass isolated 
from 40.0 ml. of normal platelet-rich plasma was 
0.2 to 0.4 ml. Patients with thrombocythemia had 





R. C. HARTMANN, J. V. AUDI 





TABLE 





TORE, AND D. P. JACKSON 


Ill 


Quantitative measurement of platelet potassium and sodium 











Potassium Potassium Sodium Sodium 
Number of Patient mEq./Ke. mEq./liter mEq./Keg. mEq. |liter 
experi- and platelets of platelet platelets of platelet 
ments diagnosis (wet weight) water (wet weight) water 
9 Seven normal 69.1 86.4 27.0 33.7 
subjects (65-71)* (81.1-88.8) (25-28) (31.6-35.0) 
4 Chronic 12 89.0 25.0 31.2 
myeloid (67-72) (83.5-90) (23-26) (28.7-32.5) 
leukemia p > 0.1f p> 0.1 p>0.1 p>0.1 
(Patients 
B. C. and A. W.) 
8 Myeloid 74.8 93.4 24.5 30.6 
metaplasia (72-76) (90-95.2) (22-25) (27.5-31.6) 
(Patient R. C.) p < 0.01 p < 0.01 p>o0.1 p>0.1 
6 Polycythemia 76.1 96.1 25.2 31.5 
vera (73-80) (91.2-100) (24-27) (29.9-33.7) 
(Patient C. N.) p > 0.001 p > 0.001 p> 0.4 p> 0.1 





* Figures in parentheses represent the range of determined values. 
tT p values refer to significance of the variation from the values of normal platelets. 


platelet volumes of 1.0 to 3.0 ml. per 40 ml. of 
platelet-rich plasma. A knowledge of this volume 
factor plus the potassium concentration per liter 
of platelet mass allows one to calculate the amount 
of potassium contributed to platelet-rich plasma by 
platelets. For example, in a patient with chronic 
myeloid leukemia the potassium concentration of 
platelet-rich plasma was 8.8 mEq. per liter and that 
of platelet-free plasma 5.6 mEq. per liter. Forty 
ml. of this patient’s platelet-rich plasma yielded 
2.0 ml. of platelets. Hence, the volume of plate- 
let mass per liter of plasma was 50 ml. The con- 
centration of platelet potassium in this patient was 
70.1 mEq. per liter of platelet mass (wet weight). 
Therefore, the amount of potassium contributed by 
this volume of platelets to a liter of plasma was 
3.5 mEq. per liter. This figure agrees quite well 
with the experimentally determined value, 3.2 
mEq. of potassium per liter of plasma (platelet- 
rich plasma K* minus platelet-free plasma K*). 


Influence of red blood cells on serum potassium 
concentration 


The potassium concentration of red blood cells 
is approximately 25 times greater than that in 
plasma. Escape of potassium from the red blood 
cells into plasma or serum in vitro may signifi- 
cantly alter potassium levels. In the present stud- 
ies, however, serum from platelet-rich plasma 
prepared from the patients with spurious hyper- 


kalemia (M. H., R. C., and R. W., Table I) con- 
sistently had higher potassium concentrations than 
did serum from whole blood. During the process- 
ing of the specimens, the platelet-free plasma was 
actually in contact with the red cells much longer 
than was the platelet-rich plasma. Had the es- 
cape of potassium from the red cells been a sig- 
nificant factor, hyperkalemia would also be pres- 
ent in platelet-free plasma. Such was never the 
case. 

Red blood cell counts in platelet-rich plasma 
ranged from 0 to 5,200 per cu. mm. in 16 of 18 ex- 
periments, and in two instances, the counts were 
8,800 and 10,000 per cu. mm. Red blood cell 
counts in 14 different samples of platelet-free 
plasma were: 9 samples, 0 per cu. mm.; 4 samples, 
less than 20 per cu. mm.; and 1 sample, 3,400 per 
cu, mm. 

Small amounts of normal blood (1 part to 
1,000 to 5,000 parts) were added to normal ACD 
platelet-free plasma to simulate the concentrations 
of red cells present in platelet-rich plasma. Ali- 
quots were frozen and thawed repeatedly with an 
alcohol-dry-ice mixture in order to hemolyze the 
red blood cells. Following clotting by thrombin 
and incubation of the clots at 37° C., potassium 
was determined on the serum. Results are shown 
in Table IV. An increase in serum potassium 
concentration occurred only after hemolysis of 
approximately 100,000 red blood cells per cu. mm., 
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No increase 
in serum potassium concentration was noted after 
freezing and thawing samples containing 12,500 
red blood cells per cu. mm. although hemolysis 
was still clearly visible. Similar results were ob- 
tained in experiments performed on adjusted 
platelet-free plasma from two of the patients with 
spurious hyperkalemia (M.H.and R.C.). In the 
present studies, all plasma samples contained less 
than 10,000 red blood cells per cu. mm., and there 
was no visible hemolysis in any plasma or serum 
sample. These data clearly indicate that potassium 
escape from red blood cells did not influence the 
potassium determinations. 


and visible hemolysis was obvious. 


Influence of white blood cells on serum potassium 
concentration 


Six of the nine patients with thrombocytosis 
had white blood cell counts greater than 10,000 per 
cu.mm. However, the two patients with the most 
marked spurious hyperkalemia (M. H., Table I; 
and W. S.) had normal white blood cell counts at 
the time of study. Furthermore, the only patient 
(H. L., Table I) with a white blood cell count 
more than 35,000 per cu. mm. did not have hyper- 
kalemia. The peripheral white blood cell count 
in Patient R. C. (Tables I and II) ranged between 
25,000 and 35,000 per cu. mm. Over two million 
platelets per cu. mm. were present in three samples 
of platelet-rich plasma prepared from Patient R. C.. 
and the white blood cell counts on these plasmas 
were 2,000, 50, and 20 per cu. mm., respectively. 
Hyperkalemia was present in the serum obtained 
from these platelet-rich and white blood cell-defi- 
cient plasmas (Table II). These results sug- 
gest that the white blood cells present during 
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coagulation did not influence the potassium de- 
terminations. 


Formed elements in isolated platelet plugs 


The red and white cell counts on platelet-rich 
plasma from which platelet plugs were isolated 
were in all instances less than 222 and less than 
329 per cu. mm., respectively. In addition, the 
button of red cells and surrounding whitish ma- 
terial were cut away from the frozen platelet plug 
before cation determinations. 


Influence of formed elements in serum on potas- 
sium determinations 


The presence of large numbers of formed ele- 
ments in serum could influence the potassium de- 
terminations by virtue of their content of this elec- 
trolyte. Serum obtained from clotted platelet- 
rich and platelet-free plasma was examined by 
phase microscopy in 14 experiments, including 
studies on three patients (M. H., R. C., and H. L.) 
with spontaneous thrombocytosis and one patient 
(N. V.) with postsplenectomy thrombocytosis. 
Less than 20 red blood cells per cu. mm. of serum 
were seen in 13 of 14 samples, and in one there 
were 2,000 red blood cells per cu. mm. No white 
blood cells were seen in the serum in 8 of 14 ex- 
periments. In the remaining six instances the 
white blood cell counts were : 2,900, 156, 150, 100. 
50, and 6 white blood cells per cu. mm. of serum. 
No platelets were seen in the serum in 11 of 14 
experiments. In three instances the platelet counts 
were : 4,000, 3,000, and 2 platelets per cu. mm. of 


TABLE IV 





Effect of red blood cells on serum potassium concentration 








Pee MIEN NIM 250; "0 JA ci doe hdeoye a Ws bats ae wreeaalee wid 112,000 
EP ie ee err 203 
ee” OR tr area e stare Pee Sra era 3,700 
I. Untreated plasma 
Serum potassium (mEq./L.) 3.6 
Appearance of serum Not 


hemolyzed 


II. Plasma frozen and thawed 


Serum potassium (mEq./L.) 4.4 
Appearance of serum Cherry 
red 





serum. Thus, no formed elements were present 
in the serum prepared from most samples of 
platelet-rich and platelet-free plasmas. The few 

12,500 5,800 1,096 3 

20 10 2 0 

594 286 128 161 

3.3 3.5 3:5 3.6 

Not Not Not Not 


hemolyzed hemolyzed hemolyzed —hemolyzed 


3.5 3.5 3.5 3:5 
Slightly Slightly Not Not 
i hemolyzed — hemolyzed 


red pink 
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formed elements seen in occasional specimens 
were insufficient to influence the serum potassium 
determinations. Serum from clotted whole blood 
contained many formed elements, particularly red 
blood cells. These, however, were removed from 
the serum by high speed centrifugation prior to 
the potassium determinations. 


DISCUSSION 


The studies presented clearly indicate that some 
patients with thrombocytosis may have an as- 
sociated spurious hyperkalemia in the absence of 
symptoms or signs of hyperkalemia. The circu- 
lating plasma in these patients contained a normal 
potassium concentration, as demonstrated by the 
fact that sera prepared from platelet-free plasmas 
Initially, 
the etiology of the thrombocytosis in the first pa- 
tient (M. H.) studied was obscure. Subsequently 
the patient developed the picture of agnogenic 


had normal potassium concentrations. 


myeloid metaplasia. The thrombocytosis was as- 
sociated with agnogenic myeloid metaplasia in 
three of the four patients with spurious hyperka- 
lemia, and the fourth patient had thrombocytosis 
of undetermined etiology. The elevated potas- 
sium concentration in serum prepared from clotted 
blood returned to normal in one patient (W. S.) 
with myeloid metaplasia when the platelets were 
suppressed by therapy with Myleran® A simi- 
lar observation has been reported following ther- 
apy with radioactive phosphorus (7). 

In any patient with an unexplained hyperka- 
lemia, platelet concentrations should be measured 
by platelet count or determination of the volume 
of packed platelets. If the platelets are elevated, 
potassium concentration should be measured in 
serum obtained from carefully prepared platelet- 
free plasma. Others (7) have reported elevated 
potassium levels in platelet-free as well as plate- 
let-rich plasma from similar patients, but it is not 
clear that the methods employed were adequate 
to prevent escape of potassium from the platelets 
and red blood cells during the preparation of plate- 
let-free plasma. 

Potassium was released from the platelets dur- 
ing or after the process of coagulation. It was, 
however, not necessary for the clot to undergo 
retraction in order to bring about release of po- 
tassium from the platelets. The potassium con- 


centration was markedly elevated in serum from 


platelet-rich plasma within one minute after co- 
agulation by thrombin (Table II). Previous 
studies have suggested that platelets undergo pro- 
found changes within seconds after coagulation 
occurs using similar experimental conditions (6). 
Clot retraction was associated with a further re- 
lease of potassium into the serum (Table II). 
Whether this was due to clot retraction per se or 
simply to the additional period of incubation re- 
quired for retraction to occur is not known. 

Vasoconstrictor (serotonin) activity has been 
reported to be low in serum obtained from some 
patients with thrombocytosis (8, 9). The bio- 
logical assay used is based on the degree of 
constriction of vascular and other muscle tissue sus- 
pended in the serum. The potassium concentra- 
tion in fluid media is known to influence muscu- 
lar activity. The spurious hyperkalemia present 
in some cases of thrombocytosis might influence 
serum vasoconstrictor activity determinations. 

The method employed in isolating platelet plugs 
provides a means of measuring platelet cations un- 
der the most physiological conditions possible. 
The isolation of platelets from blood in the absence 
of an anticoagulant was necessary, since use of the 
anticoagulant, ACD, was found to reduce platelet 
potassium by as much as 5 to 10 per cent. A simi- 
lar loss of potassium has been demonstrated in 
red cells collected in ACD solution (10). 

When platelet potassium was estimated on the 
basis of platelet counts, the data suggested that the 
concentration of this cation in thrombocythemic 
platelets might be much greater than that in nor- 
mal platelets. On the other hand, direct deter- 
mination of potassium in isolated platelets showed 
only a relatively slight increase above normal in 
patients with thrombocytosis (Table III). This 
increase could not account for the abnormally high 
serum potassium observed in such patients. It is 
concluded from these studies that the spurious 
hyperkalemia was mainly due to an increased plate- 
let mass per unit of blood or plasma, and only 
slightly to increased platelet potassium concentra- 
tion. 

The initial misleading estimates based on plate- 
let counts were apparently due to difficulty in 
counting all of the platelets in thrombocythemic 
plasma. When such large numbers of platelets 
are concentrated in platelet-rich plasma during 
centrifugation, there appears to be great likelihood 
that these elements will collide and form clumps. 
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Under such circumstances platelet counts may 
greatly underestimate the number of platelets 
present. In patients with thrombocytosis, it ap- 
pears essential to employ platelet volume or weight 
studies in order to ascertain platelet mass. 

The sodium, potassium and water contents of 
platelets observed in the present study are inter- 
esting. The water content (80 per cent) was 
found to be similar to that of the white blood cell 
(11) but different from that of the red blood cell 
(65 per cent). The concentrations of the cations, 
sodium and potassium are only slightly different 
than in the red blood cell. The present study 
demonstrates that the cation composition of hu- 
man platelets shows the pattern of intracellular 
fluid, i.e., a preponderance of potassium and a rela- 
tively small amount of sodium. These findings 
suggest that platelets may be enveloped by a semi- 
permeable membrane, and that they may possess 
a sodium and potassium pump mechanism. Ex- 
periments are in progress to test the latter hy- 
pothesis. 


SUMMARY 


Elevated serum potassium concentrations were 
noted in 4 of 13 patients with thrombocytosis in 
the absence of symptoms or signs of hyperkalemia. 
This represented a spurious hyperkalemia due to 
release of potassium from the platelets during co- 
agulation, since serum prepared from platelet-free 
plasma had a normal potassium concentration. 

Coagulation, incubation of clotted plasma, and 
disruption of platelets by freezing were associated 
with release of additional increments of potassium 
from the platelets. Potassium was released from 
the platelets immediately after coagulation and 
prior to retraction of the clots. 
not released from the platelets during incubation 
of unclotted plasma for a period of one hour. 

The mean potassium concentration of normal 
platelets was found to be 69.1 mEq. per Kg. of 
platelets (wet weight) or 86.4 mEq. per liter of 
platelet water. 
crease in platelet potassium in chronic myeloid 
leukemia. Platelet potassium was relatively in- 
creased in patients with polycythemia vera and 
myeloid metaplasia. This increase, however, was 
insufficient to account for the spurious hyperka- 
lemia present in some patients with thrombocy- 
tosis. It was concluded that the hyperkalemia was 
mainly due to an increased platelet mass per unit 


Potassium was 


There was no appreciable in- 
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volume of blood or plasma, and only slightly due 
to increased platelet potassium concentration. 

Platelets were found to have a water content 
of approximately 80 per cent and to contain small 
amounts [25 mEq. per Kg. of platelets (wet 
weight) | of sodium. The method employed pro- 
vides a means of measuring platelet cations under 
the most physiological conditions possible. 
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In a recent publication (1), the first part of our 
study on the characterization of the synovial fluid 
proteins, evidence was presented that the protein 
components of pathological joint fluid are identical 
with those of blood plasma. In the present com- 
munication the proteins of postmortem synovial 
fluid from patients who had no signs or symptoms 
of joint disease are described. 

This study was carried out in three sections. 
First, postmortem synovial fluid was analyzed 
electrophoretically. Secondly, immunoelectropho- 
resis was performed to gain information concern- 
ing the nature of the proteins of postmortem joint 
fluid. 


proteins were separated into six solubility groups 


Thirdly, to quantitate the latter results the 


by the low temperature-low salt-ethanol proce- 
dure, Fractions I-VI, and further characterized. 


MATERIAL AND METHODS 


The synovial fluid specimens were aspirated within 
5 to 10 minutes after death from knee joints of patients 
clinically free of joint disease. The specimens were col- 
lected without anticoagulant; they appeared clear, 1.¢., 
They were kept at — 30° C. until 
enough material had been obtained to start investigation. 


no clot was observed. 


The volume, protein concentration and cholesterol con- 
tent of individual and pooled samples were measured 
(1). No attempt was made to determine the exact de- 
gree of edema, although the largest volumes of fluids 
were obtained from patients with probable edema. 

To render possible the characterization on the synovial 
fluid proteins, prior to analysis all joint fluid samples 
were incubated at 37° C. for a two hour period with 0.2 
ml. of bovine testicular hyaluronidase solution per 1 ml. 
of fluid (3.0 mg. of enzyme dissolved in 1.2 ml. of 0.15 
M NaCl the enzyme preparation 


solution ; contained 


1 This is publication No. 223 of the Robert W. Lovett 
Memorial Foundation for the Study of Crippling Disease, 
Massachusetts General Hospital, Boston, Mass. 

* This work has been supported by grants from The 
Helen Hay Whitney Foundation, and from the National 
Institute of Arthritis and Metabolic Diseases (A-509C3), 
National Institutes of Health, United States Public 
Health Service. 


For the 


1,050 turbidity reducing units per mg.) (1, 2). 
extremely viscous samples,* designated as gel-like in 
Tables I and II, the incubation time had to be extended 
to three hours because the viscosity was reduced at a 
much lower rate. As shown earlier (2), hyaluronidase 
does not alter the plasma or synovial fluid proteins and 
does not influence their analyses. 

Immunoelectrophoresis has recently been described in 
detail (1, 5-7). The synovial fluid specimens used for 
the present analysis and listed in Table I were digested 
separately with hyaluronidase, combined and lyophilized. 
The residue was dissolved in 2.5 ml. of distilled water. 
dialyzed against water at 2° C. for 8 hours to remove 
most of the inorganic salt and further dialyzed against 
pH 8.6, 1/2 0.07 borate buffer for 17 hours. The result- 
ing solution which had a volume of 4.0 ml. and a pro- 
tein concentration of 7.5 per cent was then employed for 
immunoelectrophoresis. 

The procedure for the fractionation of the proteins, 
based on the low temperature-low salt-ethanol method 
in conjunction with the use of heavy metal ions, has 
also been described in detail (2). The joint fluid sam- 
ples employed for these investigations had been aspirated 
from 40 knee joints and were digested individually with 
a total of 17 mg. of hyaluronidase dissolved in 15 ml. 
of 0.15 M NaCl solution. They were pooled with a re- 
sulting volume of 114 ml. corresponding to 2.4 ml. per 
knee joint. This series showed a large variation in the 
individual fluid volumes (0.5 to 6.0 ml. per joint) and 
in the color (from almost colorless to dark brown). 
Most of the samples had a high viscosity as judged by 
their gel-like appearance. Two samples were of medium 
viscosity and only one exhibited a low viscosity. For the 
fractionation of the proteins 80 ml. of the digested fluid 
was used. The methods employed for the subsequent 
characterization of the synovial fluid proteins were the 
same as those applied previously (1). Normal human 
plasma was fractionated simultaneously to make possible 
a comparison of the proteins of these two body fluids. 


RESULTS 
I. General observations 


The frozen synovial fluid specimens appeared 
turbid when thawed and, following enzymatic di- 


3 The viscosity of the postmortem synovial fluid speci- 
mens was estimated roughly. The exact viscosity of such 
fluids had been described earlier (3, 4). 
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TABLE I 


Synovial fluid specimens used for immunoelectrophoresis * 


Volume of fluid 


Case Age from one kneet 
no. yrs. Diagnosis ml, Fluid taken 
1 82 Myocardial infarct 0.9 Premortem 
2 70 Cancer of lung 12 Postmortem 
3 81 Thrombosis 1.2} Premortem 
4 58 Myocardial infarct 0.2 Two mins. after death 
5 68 Multiple cerebral vascular 1.0 Premortem 
accident 
6 65 Septicemia 1.5 Premortem 


* All fluids were straw-yellow and of medium viscosity. 


+ Although the fluid from both knees was used for this experiment, the average volume of the fluid from both knees 
is given here in order to compare these values with those reported by others (3, 4). 


t This sample included the fluid from one elbow joint. 


gestion, yielded insoluble material. The joint fluid 
samples listed in Table II were divided in six 
groups arranged according to increasing estimated 
viscosity. It appears that with decrease of fluid 
volume, there was an increase in protein concen- 
tration ranging from 0.9 to 2.9 per cent. A similar 
observation was made with respect to the choles- 
terol content inasmuch as the latter value increased 
with increasing protein content as judged by the 
pooled samples. The cholesterol content of the 
specimens listed in Table II, which was found to 
be significantly lower than that of pathological or 
traumatic joint fluid (1), varied from 5 to 14 mg. 
per 100 ml. of fluid. In addition, it should be 
noted that the fluid samples listed in Table II 
showed a relatively constant cholesterol-protein 
ration of only 6 mg. per gram as compared with a 
value of 23 to 32 mg. per gram of normal human 
plasma proteins. 

For comparative purposes the cholesterol con- 
tent of pooled bovine synovial fluid which was 
taken from the astrogalotibial joints of young 
steers * immediately after their death was also 
studied. The protein concentration was 1.2 per 
cent, and the cholesterol content was found to be 
16 mg. per 100 ml., or 13 mg. cholesterol per gram 
of protein. 


Il. Specific results 


A. Electrophoretic investigation. The electro- 
phoretic distribution of the proteins of postmortem 


*These animals had been used for a study on growth 
at the Iowa State College for Agriculture and Mechanic 
Arts, Ames, Iowa. 


synovial fluid, as observed under standard con- 
ditions (pH 8.6, [/2 0.1 diethyl-barbiturate buf- 
fer), indicated that of proteins present, the rela- 
tive proportion of albumin was higher in joint 
fluid than in normal plasma (Table II). The rela- 
tive increase was most pronounced with fluids of 
patients from whose joints only a small volume of 
fluid could be aspirated (Group 6, Table IT). 
Furthermore, the presence of a,- and a,-globulins 
as well as the other electrophoretic groups of glob- 
ulins corresponding to those of plasma were ob- 
served consistently (8, 9). The relative concen- 
tration of these proteins could easily be determined 
since the analyses were performed on specimens 
which had been digested with hyaluronidase 
(Tables II and III). In undigested specimens the 
high viscosity produced by hyaluronic acid blurred 
the electrophoretic patterns sufficiently so as to 
make quantitative measurements difficult. 

Typical of all fluids reported in Tables II and 
III was the relatively low concentration of the 
a,-globulins which was consistently lower than 
that of the a,-globulins (1, 10) in contrast to the 
distribution of the proteins of normal plasma. 
The electrophoretic albumin-globulin ratio ranged 
from 1.4 to 2.1, as compared with a value of 1.2 
for normal human plasma. Electrophoresis at pH 
4.5 suggested the presence of orosomucoid (11, 
12) and certain a,-glycoproteins distinguished by 
their low molecular weights (13). 

B. Immunoelectrophoretic investigation. The 
average protein concentration of the synovial fluid 
specimens employed for the immunoelectrophore- 
sis was 2.7 per cent and the average volume 1.0 
ml. per knee joint (Table I). The immunoelec- 
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trophoretic analysis revealed the following results : 
The number, intensity and relative position of the 
precipitin lines which were essentially the same 
for both synovial fluid and normal human plasma 
suggested that most of the proteins of postmortem 
synovial fluid are, with respect to many proper- 
ties, very similar to those of plasma. This simi- 
larity of the y-globulins of joint fluid to those of 
plasma was further proven by the closing of the 
corresponding precipitin zones, which is indicated 
The blood 


serum analysed simultaneously with the synovial 


in Figure 1 by the arrow on the left. 


fluid showed an additional unidentified component 
in the 8,-globulin region. Most of the postmortem 


as well as the traumatic synovial fluids showed a 
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prealbumin component which is probably identical 
with that of serum (14, 15). 

This method, of course, would only identify 
proteins present in plasma and any proteins not 
present in plasma would remain undetectable. 
However, if an antiserum against normal human 
joint fluid is used in future studies, possible com- 
ponents produced solely by the synovial tissue 
might be detected. 

C. Fractionation and characterisation of the 
proteins of postmortem synovial fluid. The pro- 
tein concentration of the pooled joint fluid used 
for these experiments (Table III) was 1.5 per 
cent and averaged 1.7 per cent with respect to the 


undigested fluids. This finding suggests again 








Fic. 1. 


¥ Anode 


IMMUNOELECTROPHORESIS OF PostMoRTEM HUMAN SYNOVIAL FLUID (a) AND 


NormMAL HuMAN Serum (b) 


The pooled postmortem joint fluid specimens (Table I) were treated with hya- 


luronidase prior to electrophoresis. “A” 


points to the position of application. 


Electrophoresis was carried out in borate buffer, pH 8.6, ['/2 0.07, containing 2 per 


cent agar, for 17 hours at 180 V. and 40 ma. 
direction of the electrophoretic movement of the proteins towards the anode. 


The arrow on the bottom indicates the 
After 


electrophoresis the troughs between the agar sections indicated by arrows on the right 


were filled with horse serum against human serum. 
According to this analysis the joint fluid is devoid of a 


formed symmetrical patterns. 


Therefore, the precipitin zones 


strongly antigenic protein of the 8,-globulins which is clearly visible in the picture of 


the serum. 


The y-globulins of synovial fluid and normal serum produced precipitin 


lines which formed a closed system (not visible), the position of which is indicated by 


the arrow on the left. 
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that some of the specimens had been obtained from 
patients with edema. The ultraviolet absorption 
curve showing a maximum at 280 mp and a mini- 
mum at 255 mp was characteristic of proteins. 
There was no evidence of nucleic acid in the ab- 
sorption spectrum. Electrophoretic analysis indi- 
cated a relative albumin content of 57 per cent and 
an albumin-globulin ratio of 1.3. 
content was 0.24 mg. per ml. or 16 mg. per gram 
of protein. The discrepancy between the cho- 
lesterol content of this series and that of the speci- 
mens used for the electrophoretic investigation 
can perhaps be explained by a relatively increased 


The cholesterol 


permeability of the lipoproteins through the syno- 
Further studies on nor- 
mal synovial fluid are required to corroborate these 


vial tissue due to edema. 


findings. 

The insoluble material of the pooled fluids ob- 
tained after enzymatic digestion and unavoidable 
repeated freezing was centrifuged and washed. 
It amounted to 34 mg. or 2 per cent with respect 
to the total amount of protein and contained 5.4 
per cent of protein-bound hexose as determined by 
the orcinol method of Sgrensen and Haugaard 
(16), 1.0 per cent of glucosamine measured by the 
method of Rimington (17), and less than 0.2 per 
cent of uronic acid determined by the method of 
Fishman and co-workers (18). It was concluded 
that this material did not contain significant 
amounts of hyaluronic acid breakdown products 
and represented, at least in part, denatured protein. 

As judged by the characteristics of the protein 
fractions |the distribution of the cholesterol be- 
tween Fractions III and IV; amount, purity and 
electrophoretic mobility of the y-globulin in Frac- 
tion IT; low content of albumin in Fraction IV and 
high purity of the albumin in Fraction V (1, 2) | 
derived from normal human plasma that had been 
fractionated simultaneously with the synovial fluid, 
it must be concluded that the deviations observed 
with these synovial fluid protein fractions (y-glob- 
ulins not extractable as Fraction IT, relatively 
large amount of Fraction VI) did not stem from 
the fractionation process, but were inherent in the 
synovial fluid itself. 

The characterization of the synovial fluid pro- 
teins based upon the investigations of the six pro- 
tein fractions revealed the following results: The 
distribution of the proteins among the fractions 
was similar to that of normal human plasma. The 
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hexose content of the corresponding fractions was 
the same within the error of the method. The 
hexose content of Fraction V was low and that of 
Fraction VI high as found previously in the cor- 
responding fractions of pathological fluids (1). 
Fraction I dissolved readily at room temperature 
in the appropriate salt solution (1) and remained 
clear for at least 14 hours, 7.e., no ciot was formed. 
Upon prolonged cooling (17 hours) at 2° C. in- 
soluble material separated which dissolved easily 
when the suspension was warmed to room temper- 
ature. 
of the so-called “cold insoluble” globulin (19). 


This solubility property is characteristic 


The y-globulins which usually represent the major 
component of Fraction II could not be extracted 
from Fraction II plus III probably because of the 
presence of only a relatively small amount of £,- 
lipoprotein which, in addition, had perhaps been 
partially denatured by the process of repeated 
freezing and thawing. Indeed, the y-globulins re- 
mained in Fraction III as judged by electropho- 
retic analysis and from the results of the de- 
terminations of the antistreptolysin-O and diph- 
theria antitoxin content. The antistreptolysin-O 
content amounted to 12 to 16 units per ml. of the 
digested pooled synovial fluid, a value which, after 
correction for the protein concentration, is essen- 
tially the same as that found for pooled, normal 
human plasma (76 to 80 units per ml.) collected 
in the New England area. The isoagglutinin titer 
of Fraction III suggested that these protein com- 
ponents were precipitated completely in Fraction 
III. As expected, ceruloplasmin and the larger 
part of the cholesterol content were also rendered 
insoluble in this fraction. Recent investigations 
on the distribution of cholesterol between a,- and 
8,-lipoproteins in pathological, traumatic and post- 
mortem synovial fluid, involving the separation of 
the two groups of lipoproteins by flotation tech- 
nique (20) and by paper electrophoresis (21), 
suggested a ratio of the a,- to the B,-lipoproteins 
of approximately 1:3, which is similar to that 
found in blood plasma. Thus, the cholesterol 
distribution reported in Table III is affected by 
the fact that some of the a@,-lipoproteins, usually 
rendered insoluble in Fraction IV, had probably 
been denatured and were, at least partly, precipi- 
tated earlier in Fraction III. Immunochemical 
analysis of Fraction III using the Ouchterlony 
technique revealed precipitin zones very similar to 
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Fic. 2. OucHTERLONY PLATES OF THE PROTEIN FRACTIONS FROM PosTMORTEM SYNOVIAL FLUID 


In all plates Reservoir 1 contained the synovial fluid protein fraction to be analysed. Reser- 
voir 2 was filled with the corresponding fraction derived from normal human plasma. Reservoir 
3 contained f,-metal combining protein. Reservoir 4 normal human plasma and the center 
reservoir horse serum against human serum. For the sake of clarity a sketch of each figure is 
given on the right hand side. 

Fig. 2a—Fraction IV. After a diffusion time of two days a picture similar to Figure 2b was 
observed and is, therefore, not included here. After a diffusion time of nine days, Figure 2a 
was obtained. 

Fig. 2b—Fraction V. Picture taken after a diffusion time of two days. The heavy line 
close to the center is due to serum albumin. 

Fig. 2-——Fraction V. Picture taken after a diffusion time of nine days. The precipitin zone 
due to albumin in the center reservoir and no longer visible. Additional precipitin lines partly 
seen in Figure 2a formed now closed systems. 

Fraction III was analyzed by the same method. After nine days six closed systems of precipi- 
tin lines were noted. The picture appeared similar to that of Fraction III of arthritic synovial 
fluid which has been reproduced in the previous publication (1). 
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those of the corresponding fraction of certain pa- 
thological joint fluids (1) and suggested the iden- 
tity of the synovial fluid proteins with those of 
normal human plasma. Fraction IV was analyzed 
by the same technique. The formation of closed 
systems of precipitin lines (Figure 2a) again 
strongly suggested the identity of these proteins 


with those of normal human plasma. The ca- 


‘ss 
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pacity of the albumin present to bind 2-(4' hy- 
droxybenzeneazo-) benzoic acid (HBABA) (22) 
supported the latter finding (Table III). On 
the basis of the results obtained by fractionating 
postmortem and traumatic synovial fluid and nor- 
mal and pathological human plasma, no indication 
could be obtained as to whether a particular a,- 
globulin present in Fraction III or IV of plasma 


@ Alb 


Plasma 


Fic. 3. PAPER ELECTROPHORESIS OF FRACTION VI DERIVED FROM PostMorRTEM HUMAN 
SYNOVIAL FLUID 


Dark lines indicate the position of application. 
Staining was done with Amidoschwarz 10B. For com- 


from left to right towards the anode. 


Electrophoretic movement of the proteins was 


parison Fraction VI of normal human plasma designated as “Plasma” was analyzed simultane- 


ously. 


Bottom pictures represent the analysis in pH 4.5 acetate buffer, I'/2 0.1. 


Top pictures represent the analysis at pH 8.6 in diethyl-barbiturate buffer, '/2 0.1. 


Due to the flow of 


buffer in the direction of the electric movement the albumin which is essentially immobile under 


the latter conditions was displaced to the right. 


Fraction VI contains albumin, low molecular 


weight acidic a,- and a.-glycoproteins and £,- and £.-globulins (11-13). The designations on 
the top and bottom pictures, Alb, a,, a, 6, and f., refer to the same proteins. 
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may have preferentially been excluded during 
the passage of the blood proteins through the syn- 
ovial tissue. Fraction V’ was of yellow color, in 
contrast to the colorless quality of the correspond- 
ing plasma fraction, and consisted for the most 
part of albumin as judged by its solubility, sedi- 
mentation constant, electrophoretic mobility and 
relatively low content of protein-bound hexose. 
The relative capacity of the albumin present in this 
fraction to bind HBABA was 0.7. The corre- 
sponding value of Fraction IV was 1.0 and that 
of the pooled digested synovial fluid 1.3 as com- 
pared with a value of 1.0 for pure human serum 
albumin. The found deviations in the albumin 
determination obtained by this dye-binding method 
have already been reported (1) and were not sig- 
nificant as could be shown with known artificial 
protein mixtures. Immunochemical analysis of 
this fraction by the Ouchterlony method (Figures 
2b and 2c) strongly supported the finding of the 
identity of the synovial fluid proteins with those of 
normal plasma. Fraction VI was composed of 
110 mg. and was approximately fivefold the 
weight of the corresponding fraction derived from 
the same amount of normal plasma _ proteins. 
In addition paper electrophoresis at pH 8.6 and 
4.5 (Figure 3) indicated a relatively increased 
amount of orosomucoid (11) and certain £,-globu- 
lins and a relatively low content of the low molecu- 
lar weight a,-glycoproteins (13). Again a yellow 
color was noted in this fraction—thus, by the 
method of fractionation the proteins of postmortem 
joint fluid proved to be identical with those of 


blood plasma. 
DISCUSSION 


The characterization of the proteins of post- 
mortem synovial fluid was carried out essentially 
in the same manner as presented in an earlier pa- 
per on the characterization of the proteins of 
pathological joint fluid (1). It was based to a 
large extent on methods which measure general 
and specific properties of blood plasma proteins. 
From the results obtained during this study it 
was concluded that essentially the total amount of 
the synovial fluid proteins is derived from blood 
plasma as judged by the employed criteria. 

In the present investigation certain properties 
of postmortem synovial fluid reported by others 


were confirmed. The volume of fluid which could 
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be aspirated from the knee joints of patients free 
from joint disease and edema, was found to vary 
within the range reported earlier by Ropes, Ross- 
meisl, and Bauer (3) and Coggeshall, Warren, 
and Bauer (4). The protein concentration of the 
fluid samples listed in Group 6 of Table II agrees 
with the corresponding value reported by Ropes 
and co-workers for postmortem (3) and Platt, 
Pigman, Holley, and Patton for normal human 
synovial fluid (8). 
interest to observe that the protein content of the 
interstitial fluid of muscle (23) and tissue fluid 


For comparison it is of great 


(24) is approximately the same. Most synovial 
fluid samples investigated during this study showed 
that the relative proportion of albumin was in- 
creased over that of certain pathological joint 
fluids (1, 10) and that of normal human plasma. 
A similar increase has previously been noted in 
traumatic synovial fluid (1, 10). However, the 
fluid volume found in traumatic arthritis is sev- 
eralfold larger and the viscosity considerably 
lower than the corresponding values of postmortem 
joint fluid from patients free of joint disease. 
Further, the significantly elevated albumin-globu- 
lin ratio, particularly of the specimens of Group 6 
in Table II, agrees with that of normal human syn- 
ovial fluid (8), although it is difficult to evaluate 
exactly the significance of the percentage of albu- 
min since some of our cases included patients with 
diseases often characterized by a lowering of the 
percentage of albumin in the blood. However, it 
is known that albumin molecular 
weight lower than that of the average globulins, 
but approximately the same shape, permeates into 
the tissue about one and one-half times faster 
than the latter (24). The much more pronounced 


which has a 


relative increase of a,-acid glycoprotein (oroso- 
mucoid) concentrated in Fraction VI and charac- 
terized by an even lower molecular weight (45,- 
000) but the same shape, is expected on the basis 
of these considerations. Furthermore, it is inter- 
esting to note that such fluids showed the calcu- 
lated content of y-globulin of 9 per cent (2). 

The demonstration of hitherto unknown proper- 
ties of postmortem synovial fluid, the consistent 


presence of the a,- and a,-globulins, the relative 
concentration of the a,-globulins being consistently 
lower than that of the a,-globulins, and of the 
a,- and £,-lipoproteins and of the severalfold in- 
creased amount of Fraction VI, are significant for 
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the characterization of joint fluid. Postmortem 
joint fluid is further characterized by the small 
quantity which can be aspirated from one knee 
joint (average, 1.0 ml), its gel-like appearance, 
the high protein concentration (3 per cent), and 
the low cholesterol-protein ratio (6 to 16 mg. per 
Gm.) and by the normal content of y-globulin (9 
per cent). 

The results of our study further support the gen- 
eral finding that considerable amounts of plasma 
proteins of the body are in the extravascular sys- 
tem. Gitlin, Landing, and Wipple (25) recently 
demonstrated the presence of plasma proteins in 
various organs and tissues and, lately, Humphrey, 
Neuberger, and Perkins (26) reported on the 
presence of these proteins in skin and tendon. 


SUMMARY 


The proteins of postmortem synovial fluid from 
patients clinically free of signs or symptoms of 
joint disease have been characterized. As far as 
investigated they were found to be identical with 
those of blood plasma. The total amount of syno- 
vial fluid protein was essentially accounted for. 
This conclusion was based on the results obtained 
by the following methods: electrophoresis, im- 
munoelectrophoresis, low temperature-low _ salt- 
ethanol fractionation and investigation of the ob- 
tained protein fractions by ultracentrifugation, 
electrophoresis, immunochemical analysis and for 
ion-binding capacity and other biological activities. 
Components produced solely by the synovial tissue 
are not excluded. 

Taking normal human plasma as baseline, post- 
mortem synovial fluid was further characterized 
by the following differences: relatively low pro- 
tein concentration, decreased but distinct content 
of a,- and £,-lipoproteins, relatively increased 
content of albumin and orosomucoid, consistent 
presence of the a,- and a,-globulins, and the con- 
centration of a,-globulins being consistently lower 
than that of the a,-globulins. Moreover, post- 
mortem joint fluid contains a prealbumin com- 
ponent. 
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ADDENDUM 


The low molecular weight components noted 
in Fraction VI of postmortem synovial fluid have 
been further studied. On ultracentrifugal analysis 
a single peak with a sedimentation constant of ap- 
proximately 1S was observed. As judged by the 
estimated, relatively high diffusion constant, the 
molecular weights of these constituents are prob- 
ably below 15,000. Electrophoretic analysis (Ti- 
selius apparatus) in pH 8.6, [/2 0.1 barbiturate 
buffer of Fraction VI derived from hyaluronidase 
digested synovial fluid of young steers revealed 
four prealbumin components. Their respective 
electrophoretic mobilities were 13, 10, 9 and 8 x 
10° cm.*/Volt-sec. These substances were re- 
sistant to hyaluronidase, were not metachromatic. 
and did not bind protein stains. It is important 
to emphasize that these compounds did not occur 
in pathological synovial fluid. 
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Previously thought to be primarily a structural 
component of nucleic acids, the pentose, D-ribose, 
in the form of the ester, ribose 5-phosphate, has 
now been shown to be an important intermediate 
in the pentose phosphate pathway of glucose me- 
tabolism. The sequence of the reactions of this 
pathway has been summarized by Horecker and 
Mehler (1) and Wood (2), and surveys of its 
significance in various mammalian tissues have 
been reported (3-6). 

Naito (7) has investigated the glycogenic ef- 
fect of ribose after its injection into mice and rab- 
bits, and Herrmann and Hickman (8) have de- 
scribed the utilization of ribose by beef cornea. 
Horecker, Gibbs, Klenow, and Smyrniatis (9) 
have demonstrated the conversion of ribose to 
hexose with rat liver homogenates and Katz, 
Abraham, Hill, and Chaikoff (10), incubating 
ribose 1-C'* with rat liver slices, observed the 
formation of glucose with a pattern of labeling 
that was predictable from the reactions of the 
pentose phosphate pathway. Similar findings 
have been reported by Hiatt (11), studying the 
in vivo conversion of labeled ribose to glucose in 
the mouse. Recently Agranoff and Brady (12) 
have isolated and purified from calf liver an en- 
zyme, ribokinase, which is capable of phosphory- 
lating ribose to ribose 5-phosphate, thus permitting 
the sugar to enter the pentose phosphate pathway. 
The entrance of ribose into the pathway, and the 
sequence of its conversion to glucose are shown 
in Figure 1. 

Since ribose appears to be of importance in 
mammalian metabolism, we have undertaken a 
study of certain phases of ribose metabolism in 
man. This paper presents data concerning the 
fate of ribose after its intravenous administration 
in both unlabeled and C' labeled form to both 
normal and diabetic subjects. Preliminary results 
of these studies have been published (13), as well 
as a report of the hypoglycemia induced by ribose 
infusion (14). Previous publications (15, 16) 
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from this laboratory have described the physio- 
logic disposition in man of the related pentoses 
p-xylose, D- and L-arabinose, and p-lyxose, as well 
as the effects of insulin on the blood levels of 
these sugars. 


MATERIALS AND METHODS 


Part of the p-ribose used in these experiments was a 
generous gift of Dr. Hewitt G. Fletcher, Jr., of the Sec- 
tion on Carbohydrates, Laboratory of Chemistry of this 
Institute, and part was purchased from the Pfanstiehl Co., 
Waukegan, Ill. The sugar was pure, by the criteria of 
both optical rotation and paper chromatography. Seven 
and a half per cent sterile pyrogen-free solution of the 
sugar was used for infusion. Ribose 1-C™, specific ac- 
tivity 2.01 wc. per mg. and 0.89 ue. per mg., was obtained 
from the National Bureau of Standards and was found 
to be solely ribose by chromatography and radioautog- 
raphy. Purified phosphoglucomutase prepared according 
to Najjar (17) was a gift of Dr. K. Kurahashi. The 
glucose 1-phosphate was commercial material electro- 
phoretically freed of glucose 1, 6-diphosphate. Ribose 
5-phosphate was obtained from Schwarz Laboratories 
and used as the sodium salt. 

Twenty-seven intravenous infusions of various amounts 
of p-ribose were given to six fasting normal male and 
one female volunteers, 19 and 24 years of age, and to 
three subjects with diabetes mellitus. All of the normal 
subjects were maintained on a 250 Gm. carbohydrate 
diet prior to study. Diabetics received their last dose of 
crystalline insulin 24 hours before each experiment. Ad- 
ministration of the ribose solution was carried out either 
over a 15 minute period or, after a small priming dose, 
by constant infusions, using a Bowman pump. By the 
technique already described (15), blood specimens were 
obtained, those for glucose and ribose determination at 3 
to 10 minute intervals, and those for phosphate and pyru- 
vate analysis at 20 minute intervals. In eleven experi- 
ments 0.1 U per Kg. body weight of crystalline insulin 
was given intravenously in order to ascertain the effects 
of insulin on blood levels and urinary excretion of the 
pentose. Fractional urines were obtained for 24 hours 
and preserved by freezing. 

Analytical procedures. Blood and urine glucose were 
estimated by employing the glucose oxidase method de- 
vised in this laboratory (15). Ribose was analyzed by 
the orcinol method (18), using blood filtrates and urine 
in which glucose had been destroyed by glucose oxidase. 
Serum inorganic phosphate was determined by the method 
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of Fiske and Subbarow (19) and blood pyruvate by the 
method of Segal, Blair, and Wyngaarden (20). 

Expired CO, was collected and isolated as barium 
carbonate, as previously described (15). The CO, con- 
tent of expired air was measured in a Cambridge CO. 
analyzer. Radioactivity in the CO. was determined by 
liberating the gas from barium carbonate and diffusing 
it by the method of Eisenberg (21) into hyamine base, 
which was counted by the technique of Passmann, Radin, 
and Cooper (22) in a liquid scintillation counter ( Pack- 
ard Co., La Grange, Ill.). The overall efficiency of CO, 
counting was 39 per cent. Cumulative excretion of 
C*O. was estimated according to Berlin, Tolbert, and 
Lawrence (23). 

Blood radioactivity was assayed in the following man- 
ner: Ten ml. of blood was added to an equal volume of 
7 per cent perchloric acid for protein precipitation. An 
aliquot of resultant filtrate was neutralized with 5 N po- 
tassium hydroxide, and the precipitated KCIO, centri- 
fuged. A portion of the neutralized filtrate was then 
concentrated to 1.5 ml. under a nitrogen stream, and 0.5 
ml. of this was added to 10 ml. of dioxane phosphor con- 
taining 5 per cent naphthalene and 0.8 per cent diphenyl- 
oxazole (24) for scintillation counting. 

Urinary C™* counting was performed as in our previous 
communication (15). 

Urine was chromatographed on Whatman No. 1 paper 
in a descending system for eight hours, employing methyl 
ethyl ketone, acetic acid, water, 6: 1:1 as the solvent (Rr 
glucose, 0.07; ribose, 0.23). When tracer amounts of C™ 
pentose had been used, unlabeled ribose was added as a 
marker, the markers being visualized with analine hy- 
drogen phthalate spray (25). Sugars were eluted by 
shaking paper strips with water in a small flask. The 
eluates were concentrated and assayed for activity in the 


same manner as whole urine. Recovery of sugars chro- 
matographed in this was ranged from 93 to 103 per cent. 

Glucose was isolated as crystalline potassium gluconate 
from the urine of the diabetic subject, who received C™ 
ribose by treating the urine according to the procedure 
of Moore and Link (26). The potassium gluconate was 
recrystallized twice from methyl alcohol. One portion 
of the gluconate was oxidized to CO, and counted as 
above, and another was degraded by the periodate 
method of Eisenberg (27), whereby carbon atoms one 
and six, individually, and two to five, collectively, could 
be isolated as CO. and counted. 

The assay for phosphoglucomutase activity was that of 
Klenow (28). 

RESULTS 

The disappearance from blood of ribose adminis- 

tered intravenously 


Semilogarithmic plots of decreasing blood ribose 
levels determined after the 15 minute infusion of 
various amounts of the sugar are shown in Fig- 
ure 2. It is apparent that an entirely linear curve 
is obtained only when 3 Gm. amounts were in- 
jected, and that doses larger than 3 Gm. produced 
a lag phase before the onset of a linear disappear- 
ance. The deviation from a straight line of the 
blood ribose values in the lag phase does not rep- 
resent a distribution gradient between blood and 
the total ribose compartment, for deviations due 
to this phenomenon lead to initial values higher 
than the linear curve. Likewise, the deviation is 
not due to a distribution gradient of ribose between 
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Fic. 2. SEMILOGARITHMIC DISAPPEARANCE CuRVES OF RIBOSE FROM 
Broop Arter 15 Minute INFUSION oF VARIOUS AMOUNTS OF PENTOSE 


(Susyect L. C.) 


plasma and red blood cells, for experimentally 
determined ribose concentrations were essentially 
the same in whole blood and plasma during this 
early phase. These results indicate that the re- 
moval of ribose from blood is a first order kinetic 
process only when the ribose blood level is below 
some critical value. 

Although developed for the analysis of sub- 
strate enzyme relationships, the mathematical 
treatment of Lineweaver and Burk (29) has been 
applied to the more complex problem of sugar 
transport across cell membranes (30). This type 
of analysis has been applied here to the clearance 
of ribose from blood. Using the data from the 
studies in Subject L. C. (Figure 2) and plotting 
the reciprocal of the initial disappearance rate in 
mg. per 100 ml. per minute versus the reciprocal 
of the blood ribose concentration in mg. per 100 
ml., one obtains the straight line curve shown in 
Figure 3. From the curve, the Kg, or ribose con- 
centration, at the point of half saturation of the 
clearance system, can be derived. The Kg is 10 
mg. per 100 ml. Thus the system is completely 
saturated at initial blood levels of 20 mg. per 100 
ml., and linear curves should be obtained when the 
blood level is below this value. 


In Table I are given the proportional rate con- 
stants for the disappearance of ribose from blood, 
as derived from a knowledge of biological halftime, 
and expressed in terms of per cent of ribose disap- 
pearing per minute, K* equals K times 100. In 
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the normal subject, the rate constant ranges from 
3.8 to 5.8 per cent per minute after a 20 Gm. dose. 
As the dose decreases, the rate constant increases 
to as high as 13.8 for 3 Gm. It is interesting to 
note that as the dose is halved, in Subject L. C., 
Figure 1, the K value is increased by a constant 
factor of 1.5. 

The blood glucose values in the three diabetics, 
C. M., M. S., and N. N., were 470, 310 and 293 
mg. per 100 ml., respectively. Despite the obvious 
lack of adequate ability to metabolize glucose, the 


ribose disappearance curve was identical in pat- 
tern to the normal, with a K! of 4.6 to 5.1. A 
normal disappearance curve of the pentose D-xylose 
has similarly been noted in Subject C. M. (31). 


The effect of insulin on blood ribose levels 


The previously reported enhancement by insu- 
lin of the disappearance from blood of p-xylose, 
L-arabinose and p-lyxose from blood (16) has 
been observed with p-ribose. Figure 4 reveals in 
Subject W. W. a control ribose disappearance 


TABLE I 


Ribose infusion in normal and diabetic subjects 














Time of 
Volume of distribution insulin 
Disap- ased on admin. 
pearance Urinary relative 
Quantity from blood Observed Calculated recovery to end of 
Weight infused K} Col* Co % admin. infusion 
Subject Kg. Gm. %/min. dose minutes 
Normals 
W. Y. 81 20 3.8 24.9 19.0 22 
W. W. 74 20 4.8 21.5 10.7 20 
W. W. 74 20 4.8 19.3 10.7 21 
552, 81 20 5.0 26.1 19.0 32 
a a> 81 20 5.8 21.5 3.8 21 
Ey 80 20 4.6 29.1 11.0 26 
Et ee 80 10 6.9 29.6 214 18 
W. B. 64 10 8.2 21.5 7.9 
J. D. 81 10 10.5 19.6 5.5 17 
PY we 80 5 10.7 31.7 22.2 14 
RS, es 80 3 13.8 40.0 36.3 
J.D. 81 3 11.9 24.3 24.8 
Diabetes mellitus 
C. M.t 60 20 4.6 Zu;3 9.2 24 
M. S.t 73 20 5.1 24.4 10.5 30 
N.N.§ 60 20 5.1 20.8 6.7 24 
Normal plus insulin 
ER on 80 10 9.3 17 —10 
SL. 66 10 14 +25 
W.R. 66 20 4.3 18 +30 
W. R. 66 20 4.5 18 +30 
W. B. 64 20 23 +20 
W. W. 74 20 6.0 16 +20 
W. W. 74 20 6.0 18 —7 
W. W. 74 20 5.8 21 + 2 
W. W. 74 constant|| 12 +60tT 
infusion 
W. W. 74 constant] 8 +70tt 
infusion 
W. W. 74 constant** 7.0tt 5 +70tt 
infusion 





* See text, footnote 1. 


+ Fifty-three year old male requiring a total of 36 U of globin and crystalline insulin daily. 

t Twenty-three year old male requiring a total of 45 U NPH and crystalline insulin daily. 
Thirty-one year old male requiring a total of 45 U of NPH and crystalline insulin daily. 
Constant infusion 137 mg. per minute after a 4 Gm. prime (Figure 5). 
Constant infusion 146 per minute after a 4 Gm. prime. 

m. prime. 


** Constant infusion 151 mg. per minute after a 4 


tt Insulin injected at stated time after the start of the constant infusion, a F 
tt Calculated from data obtained for decreasing blood levels after cessation of the constant infusion. 
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Fic. 4. Tue Errect oF INTRAVENOUS INSULIN ON THE 
DISAPPEARANCE OF RIBOSE FROM BLOop 


curve, as well as one after insulin administration. 
As a result of the insulin injection, an earlier onset 
of the linear phase and an increase in the rate con- 
stant of disappearance were seen. In another ex- 
periment in Subject W. W. (Table I), insulin was 
injected during the ribose infusion so that its ef- 
fect might be observed at high blood ribose values. 
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Fic. 6. Bioop Levers or RisosE AND GLUCOSE OB- 
SERVED DURING THE CONSTANT INFUSION OF RIBOSE 


Effects of intravenous insulin and intravenous glucose 
administration. 


No clear effect was seen, however, until the level 
had fallen to about 30 mg. per cent, at which point 
the curve deviated from the control and became 
superimposable on the insulin curve shown. 

Because of the unusual kinetics of ribose disap- 
pearance and the rapid decline in blood levels, 
the effect of insulin was tested on ribose blood 
levels maintained at a low constant value by con- 
tinuous ribose infusion, a technique used previ- 
ously (16). Figures 5 and 6 demonstrate these 
studies. After insulin, the ribose level falls, with 
a subsequent attainment of a new constant blood 
level. The intravenous administration of a suffi- 
cient quantity of glucose to raise the blood sugar 
to the control level (Figure 6) did not prevent the 
insulin effect, thus indicating that the response of 
ribose to insulin is independent of hypoglycemia 
per se. The symptoms of hypoglycemia occurring 
after insulin injection were not alleviated by the 
presence of ribose in the body. 


The distribution of ribose in body fluids 


The volume of distribution of ribose calculated 
from C,’* values obtained by graphic extrapolation 


1The concentration of ribose in plasma water (C’) 
has been calculated from the analytical value on whole 
blood (C) divided by 0.8, the approximate water con- 
tent of blood. Volume of distribution equals Q/C,’ in 
which C,’ equals C,/0.8, the concentration of ribose in 





of the linear phase of the ribose disappearance 
curve to t, averaged 16.1 L. in 12 studies on five 
normal subjects (Table I). There is a wide 
range, however, in the volume of distribution cal- 
culated by this method, depending on the dose of 
ribose due to the kinetics of disappearance from 
blood. The fact that the C,’ obtained by extra- 
polation of the decay curve after a 3 Gm. dose was 
essentially equal to the observed C,’ may indicate 
that complete mixing has occurred. Assuming 
that equilibrium of distribution had been achieved 
during the 15 minute infusion in the other ex- 
periments, the observed C,’ appears suitable for 
use in tne calculation. Employing the latter value, 
the average value of distribution is 25.8 L. with 
very little variation with the dose. The diabetics 
appear to have a normal ribose “space,” as de- 
termined by both of these methods of estimation. 

Calculations of the above type present the in- 
herent difficulty of estimating the amount present 
in the body at time zero, the theoretical moment 
of mixing, as well as the concentration at that time, 
mainly due to the fact that ribose has a metabolic 
fate other than simple distribution and excretion. 
Under these circumstances, a preferable type of 
calculation is that employed by us for determining 
the volume of distribution of xylose (16) and 
based on the theoretical development of Domin- 
guez, Goldblatt, and Pomerene (32, 33) and 
others (34). This treatment requires the con- 
stant infusion type of experiment shown in Fig- 
ures 5 and 6. From knowledge of the concentra- 
tion of ribose in blood at equilibrium, the com- 
posite rate of loss of ribose from the compartment, 
which is equal to the rate of infusion, and the rate 
constant of ribose disappearance from blood as de- 
termined following the completion of the infusion, 
the volume of distribution for Subject W. W. was 
calculated to be 14 L. before insulin administra- 
tion. Since this individual weighed 74 Kg., the 
ribose compartment was equal to 19 per cent of 
body weight, a distribution essentially in extra- 
cellular fluid. This finding parellels that for 
p-xylose (15). 

The volume of the ribose compartment after in- 
sulin was calculated to be 16.6 L. or 22.4 per cent 


of body weight. This increase in ribose “space” 


plasma water at the theoretical moment of mixing, and 
Q is the quantity infused (15). 
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due to insulin is similar in magnitude to that seen 
with p-lyxose, but much smaller than that ob- 
served with p-xylose or L-arabinose. 


The urinary excretion of ribose 


The urinary excretion of ribose as orcinol reac- 
tive material is shown in Table I. Appropriate 
correction has been made for the small amount of 
glucuronic acid which is orcinol reactive in urine. 
An average total of 21 per cent of the dose was 
excreted by the normal subject after a 15 minute 
ribose infusion, nearly all of this appearing in a 
90 minute postinfusion period. The diabetic and 
the normal subject who received insulin excreted 
renally amounts of ribose within the control range. 
Data on Subject L. C. who received various ri- 
bose doses suggest that the urinary excretion de- 
creases as the dose is diminished. When 20 Gm. 
of ribose was given at a constant slow rate, only 5 
to 12 per cent was found in the urine. This ap- 
pears to be a consequence of the slow infusion 
rate, and is not related to the insulin given during 
these experiments. In one such experiment, 
urine collected prior to insulin injection revealed a 
urinary loss of 8 mg. per minute, while 146 mg. 
per minute was being infused. This excretion 
rate of 5.5 per cent per minute approximates very 
well the total excretion of 5 per cent of the dose. 
These results are in contrast to those obtained with 
p-xylose. The total urinary loss of this pentose 
was approximately the same following the rapid 
injection of various doses, as well as after slow 
constant infusion (16). 


The effect of ribose on blood levels of glucose, py- 
ruvate and inorganic phosphate 


It has been reported that the infusion of ribose 
into the normal and some diabetic individuals 
causes a lowering of blood glucose of about 30 
mg. per cent (14). A typical response of blood 
glucose to ribose is demonstrated in Figure 7 in 
Subject W.W. Immediately after ribose injection, 
only slight fluctuation in glucose levels occurred. 
However, about 30 minutes after the end of the 
infusion, the blood glucose began to decline, 
reached a nadir in about 30 minutes, and then 
returned to approximately the control level. The 
effect was observed when blood ribose values had 
decreased to low levels. This hypoglycemic effect 
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TABLE II 


Change in blood glucose and phosphate after infusion of 
various doses of ribose 











Decrease 





Control Minimal in inor- 
lood blood ganic 
Amount glucose glucose phosphate 
infused mg. per mg. per mg. per 
Subject Gm. 100 ml. 100 ml. 100 ml. 
i. 20 71 30 
iC, 10 84 50 0.6 
De On s 67 61 0.9 
B.C. 0 (saline)* 
J. D. 20 63 37 0.3 
fj; 2. 20 91 59 
Fe Bs 10 53 45 a2 
1:2; 13.7 68 37 
J.D. 0 (saline)* 0.3 





*Two hundred sixty-seven ml. of normal saline was 
infused for 15 minutes and blood for phosphate determi- 
nation was obtained at 20 minute intervals. 

Four Gm. prime followed by constant infusion of 
151 mg. per minute. 


of ribose is shown again in the same subject 
(Figure 5) after a 4 Gm. priming dose and the 
constant infusion of ribose at a slow rate. 

Table II reveals the effect of different doses of 
ribose on blood glucose values in two subjects. A 
marked reduction in blood glucose occurred after 
20 and 10 Gm. doses, with but a questionable 
change after 5 Gm. in Subject L. C. Subject 
J. D.’s blood glucose fell reproducibly after 20 Gm. 
infusions but decreased only slightly after 10 Gm. 
was given. In contrast to the latter result, when 
Subject J. D. was given ribose by constant infu- 
sion (Figure 6), his blood glucose levels had 
fallen from 68 to 52 mg. per cent after receiving 
8 Gm. and to a low value of 37 mg. per cent after 
receiving only 13.7 Gm. 

Though blood glucose values as low as 15 mg. 
per cent were observed, no subject complained of 
hypoglycemic symptoms, and only in Subject 
W. W. could some slight signs (blanching of lips 
and a peculiarity of gaze) be detected. When 
0.1 U per Kg. of insulin was given during the 
ribose-induced hypoglycemia (Figure 5), greater 
hypoglycemia occurred, and frank symptoms were 
then observed. 

A fall in serum inorganic phosphate was con- 
sistently seen after ribose infusion (seven studies). 
In four normals receiving 20 Gm. the decrease 
ranged from 0.3 to 0.7 mg. per cent. One diabetic 
showed a decline of 0.6 mg. per cent. The sig- 
nificance of these results appears to be open to 


question when one observes the blood phosphate 
changes in a given subject who received various 
ribose doses (Table II). Subject L. C. shows a 
greater phosphate fall after a 5 Gm. than after a 
10 Gm. dose, and J. D., a greater fall after a 10 
Gm. than after a 20 Gm. dose. Both individuals 
respond to saline administration with a 0.3 mg. 
per cent fall in phosphate, this being equal to the 
response of J. D. to a 20 Gm. infusion of ribose. 
The blood pyruvate changes observed after 20 
Gm. infusions in four normals and one diabetic 
were variable and insignificant, ranging from 
— 0.28 to + 0.10 mg. per cent. The relationship 
of inorganic phosphate and pyruvate to glucose 
and ribose levels is shown in Figure 7. Worthy 
of note is a comparison of the effects of ribose and 
insulin on the blood phosphate and pyruvate in a 
given individual. In the experiment shown in Fig- 
ure 5, the phosphate had fallen 0.5 mg. per cent 
and the pyruvate was unchanged from the control 
value at the time when the blood glucose had de- 
creased to 23 mg. per cent (60 minutes). The 
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4. significant decrease in blood glucose level is noted. 








injection of insulin and concomitant fall in glucose 
was followed by a further fall in phosphate of 1 
mg. per cent and a rise of blood pyruvate from 
0.51 mg. per cent to 1.40 mg. per cent within 28 
minutes. The lowest blood glucose value after in- 
sulin in this study is about equal to the lowest 
value seen after ribose in the same subject (Fig- 
ure 7) where little change occurred in phosphate 
or pyruvate values. 


Studies with phosphoglucomutase 


The lack of a significant increase in blood pyru- 
vate and questionable decrease in serum inorganic 
phosphate, accepted parameters for indicating in- 
creased peripheral glucose utilization (35-37), 
suggested that the ribose-induced hypoglycemia 
was not due to an insulin-like effect. Quantitative 
determination of urinary glucose after ribose in- 
fusion (14) eliminated glucosuria as a cause and 
indicated that the hypoglycemia might be the re- 
sult of a defect in the hepatic homeostatic mecha- 
nism for maintenance of blood glucose. 

One of the important reactions in the formation 
of glucose from glycogen is the conversion of glu- 
cose 1-phosphate to glucose 6-phosphate by the 
enzyme phosphoglucomutase. Recently, Sidbury 
(38) and Ginsburg and Neufeld (39) have ob- 
served an inhibition of this enzyme by galactose 
1-phosphate, a fact which could explain the hypo- 
glycemia seen in galactosemics after galactose in- 
fusion (40). Because of these observations, stud- 
ies were performed to demonstrate the effect of 
ribose 5-phosphate on phosphoglucomutase ac- 
tivity. 

The assay system of glucose 6-phosphate de- 
hydrogenase and triphosophopyridine nucleotide 
detects the formation of glucose 6-phosphate from 
glucose 1-phosphate by an increase in reduced tri- 
phosophopyridine nucleotide recorded as an in- 
crease in optical density at 340 my as in Figure 8. 
Two types of inhibition of phosphoglucomutase 
have been observed. The first can be shown by 
adding increasing amounts of ribose 5-phosphate 
to the reaction mixture. The uppermost curve 
in Figure 8 shows the enzymatic activity when 
0.5 »M of ribose 5-phosphate is added simultane- 
ously with the substate glucose 1-phosphate. This 
curve represents a 5 per cent inhibition of the en- 
zyme. When 2.5 »M and 5 pM of ribose ester 
are added, one obtains a 59 and 72 per cent inhibi- 
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The ordinate represents the optical density change at 
340 my due to the formation of reduced triphosphopyridine 
nucleotide by the action of glucose 6-phosphate dehydroge- 
nase on the glucose 6-phosphate formed by the mutase 
reaction. 


tion, respectively. We believe this to be an ion 
effect of ribose 5-phosphate, for Cori, Colowick, 
and Cori (41) and Klenow (42) have shown the 
enzyme to be sensitive to changes in salt concen- 
tration of both inorganic ions and organic phos- 
phates. 

The second type of inhibition can be shown by 
preincubation of the enzyme with the ribose ester. 
The results of this preincubation experiment are 
shown in Figure 8. Here is seen a profound ini- 
tial inhibition of the mutase reaction which is 
eventually overcome. Klenow and Emberland 
(43) have demonstrated that phosphoglucomutase 
will convert ribose 5-phosphate to ribose diphos- 
phate. Since, to be active, the enzyme must be in 
a phosphorylated state, the inhibition seen in this 
type of experiment may be interpreted as a de- 
phosphorylation of the enzyme during the prein- 
cubation period due to ribose diphosphate forma- 
tion. 


The fate of C** after injection of ribose-1-C%* 


In an effort to obtain information concerning 
the metabolic disposition of ribose, two studies 





COUNTS PER MINUTE PER 100 ML BLOOD 








ng 








THE METABOLISM OF D-RIBOSE IN MAN 727 





sc, SMR a a a a ee a a 
so} SUBY. uD. zs 
60} J 
50+ 4 
40+ 
30F 
° e . 
20+ x = 





a SS 


5pC RIBOSE -1-c'* INFUSED 
5 © 0.0025 GM 
© 20.0 GM 


1 


COUNTS PER MINUTE PER 100 ML BLOOD x 103 











ee ee Pere eer oe even eee ees ee eee ee | 
o 0 20 3% 40 50 60 70 80 90 100 


TIME AFTER INFUSION MINUTES 


Fic. 9. A SEMILOGARITHMIC PLot oF THE C” Disap- 
PEARANCE FROM Boop AFTER RrposE-1-C*%* INFUSION 
BotH AS TRACER AND Loap Doses 


were carried out in one normal individual in which 
the fate of the label was determined following in- 
travenous administration of ribose-1-C**. In one 
experiment, 5 yc. of ribose-1-C'* was infused as 
a tracer dose (2.5 mg.). In the other, 5 yc. of the 
labeled material plus 20 Gm. of unlabeled ribose 
were infused from the same flask. The disap- 
pearance of C** from blood, and the appearance of 
the label as expired C*O,, as well as the excre- 
tion of the label in urine were determined. 
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Fic. 11. Tue StmuLTANEoUS APPEARANCE OF Non- 
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Numbers above bars indicate the ratio of total C* 
counts to ribose counts in urine. 


The disappearance of C** from blood 


Figure 9 demonstrates the disappearance curve 
of C'* from blood plotted semilogarithmically. 
The linear curves denote that C** disappears ac- 
cording to first order kinetics. From the biologic 
halftime of disappearance, the rate constant of 
disappearance for the tracer dose and the 20 Gm. 
dose have been calculated to be 0.61 and 1.16 per 
cent per minute, respectively. These small rate 
constants are in marked contrast to the rather 
large ones observed for the linear disappearance 
of ribose chemically determined. Also worthy of 
note is the fact that the C'* decay constant for the 
larger dose is about three times as great as that 
for the tracer, an observation which differs from 
that noted for orcinol-determined ribose, namely 
that the rate constant is inversely proportional to 
the dose. 

The constrast between the C** and chemical 
disappearance curves for the load (20 Gm.) study 
is shown in Figure 10.2. All of the data indicate 
" 2The total C* activity values of the curve based on 
chemically determined ribose were calculated by multi- 
plying the analytical value in mg. per cent by the specific 
(C" counted) 
(mg. per cent) 
the specific activity of ribose remained constant during 
the period of study. 


activity of ribose at zero time assuming 








that after ribose-1-C** injection, as the ribose 
disappears from the blood, nonribose C** appears. 
The rate of appearance of this nonribose C** in 
blood is shown in Figure 11. 


The urinary C'* excretion after labeled ribose 
injection 

A total of 10 per cent of the C’* administered 
in tracer dosage appeared in the urine, whereas 
40 per cent of the 5 yc. dose given as a load was 
excreted via this route. During the first hour 
after injection, about four times as much label ap- 
peared in urine in the latter study as in the former. 
This difference probably explains the greater rate 
constant for C** disappearance from blood after 
the 20 Gm. dose. 

The concomitant administration of carrier ri- 
bose with C** ribose permitted comparison of uri- 
nary excretion of C* and orcinol reactive material. 
Whereas the cumulative urinary excretion of C** 
was 40 per cent, only 20 per cent of administered 
ribose as measured by orcinol was excreted by 
this route. The appearance of orcinol reactive 
material and total C** in urine specimens obtained 
during the 90 minute postinfusion period is shown 
by the bar graph in Figure 11. The numbers 
above each bar represent the ratio of the total C1 
activity to that due to orcinol-determined ribose. 
It is quite clear that with time, an increase in the 
proportion of total counts to ribose counts takes 
place, a phenomenon which parallels the increas- 
ing nonribose counts in blood. 

Urine from these studies was chromatographed 
on paper, and the ribose area eluted and counted. 
Urine collected during the first hour after the 
tracer dose was chosen for study, since it con- 
tained nearly all of the C** excreted. It was found 
that 92 per cent of the C’* eliminated after the 
tracer dose was unaltered ribose. A similar study 
of urine from the load experiment (20 to 42 min- 
ute period, Figure 11) revealed that only 42 per 
cent of the C’* applied to the paper could be lo- 
cated in the ribose band. This gives a ratio of 
total counts to ribose counts of 2.4 corroborating 
the ratio calculated (2.24) from urine counting 
and chemical data. The nature of the metabolite 
or metabolites in this urine remains to be identi- 
fied. 
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Excretion of ribose as C'*O, 


The specific activity of expired C**O, is shown 
in Figure 12. The CO, is appreciably labeled 5 
minutes after the end of the 15 minute infusion 
period in both tracer and load studies on Subject 
J. D. However, there are marked differences be- 
tween the curves in these two experiments. In 
the tracer experiment, the specific activity of the 
C40, increased at a faster rate, reached a peak 
about 40 minutes earlier, and maintained a much 
higher activity throughout the interval of obser- 
vation. Both of the curves appear to show a pe- 
riod of constant specific activity after the peak la- 
beling has been reached, a finding not encountered 
in studying the C**O, excretion after the adminis- 
tration of other labeled pentoses (44). 

The determination of the cumulative C1* in the 
expired air for six hours revealed 48 per cent 
of the tracer C1* but only 16 per cent of the C** 
given in 20 Gm. Since a large quantity of C* 
was found in the urine when the 20 Gm. was in- 
jected, however, comparison of the amount of 
metabolism to C*O, may better be based not on 
the dose, but on the dose corrected for the six 
hour urinary excretion. When this is done, it is 
seen that 50 per cent of the retained activity is 
converted to CO, six hours after the tracer dose 
and 24 per cent after the larger dose. It seems 
apparent when comparing the C'*O, and urinary 
C™ excretion data above that when a load of ri- 
bose is given, a large quantity of metabolite is ex- 
creted in urine with reduction in the amount ap- 
pearing as expired C**O,. 


The metabolism of ribose-1-C** in diabetes mellitus 
and evidence for the existence of the pentose 
phosphate pathway in man 


Five pc. of ribose-1-C'* was given intravenously 
to a 53 year old, 60 Kg., unstable diabetic (Sub- 
ject C. M., Table I) whose last dose of crystalline 
insulin was given 24 hours prior to the study. 
Blood glucose during the period of observation 
was 475 mg. per cent and acetone was present in 
the urine. 

The specific activity of the expired C’*O, can 
be seen in Figure 12. Compared to results ob- 
tained in the tracer study in the normal (J. D.), 
the specific activity of the C'*O, is much lower, 
and the shape of the curve greatly altered, In the 
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diabetic, the labeling of CO, reaches a low maxi- 
mum and then remains constant throughout the 
period of observation. In five hours, the cumu- 
lative C** excretion was only 13 per cent of the 
retained activity (administered dose of C** cor- 
rected for urinary excretion). The difference 
from the normal in the specific activity of C*4O, 
and the low cumulative excretion of C'* as CO, 
from ribose-1-C** in the diabetic are not reflected 
in the disappearance curve of ribose from blood. 
The latter is unaltered from the normal in this 
subject and in the other diabetics tested (Table I), 
and suggests that the defect in the conversion of 
the C™* of ribose to C**O, in the diabetic occurs at 
a stage later than the clearance of the sugar from 
blood. 

Urine was collected for 24 hours, hourly speci- 
mens being obtained for the first 5 hours. Twenty- 
eight per cent of the C'* administered was ex- 
creted via this route in 5 hours, and 35 per cent in 
24 hours. Ribose and glucose in the hourly urine 
specimens were separated by paper chromatog- 
raphy, eluted from the paper and then counted. 
All of the radioactivity applied to the paper was 
found to reside in the ribose and glucose areas 
after development of the chromatogram. The 
cumulative excretion of C** in ribose and glucose 
in the diabetic urine is shown in Figure 13. Five 
hours after ribose-1-C* injection, ribose C™* ex- 
cretion in the urine had almost ceased, the urinary 
pentose accounting for only 10 per cent of the C** 


dose. Eighteen per cent of the administered la- 
bel resided in glucose at this time. The 10 per 
cent excretion of C** as ribose is essentially the 
same as that observed in the normal. It thus ap- 
pears that the large amount of glucosuria occurring 
in this subject did not cause an increase in ribose 
excretion. 

The specific activity of the urinary glucose was 
calculated and found to be essentially constant at 
25 counts per minute per mg. throughout the first 
five hours. Since the urinary glucose is derived 
from the body pool of glucose, one may assume 
that all of the glucose in the body has this specific 
activity. Assuming also a glucose space of 17 per 
cent of body weight (45), and knowing the glu- 
cose concentration in plasma water,’ a glucose pool 
of approximately 59 Gm. can be calculated for 
this diabetic. If this glucose is labeled to the ex- 
tent of 25 counts per minute per mg., then approxi- 
mately 30 per cent of the ribose C** injected (5 
million counts) is present in the body as glucose 
at any time during the first five hours. Almost 
70 per cent of the administered label has been 
accounted for (28 per cent in urine, 30 per cent 
in body glucose, and 10 per cent in expired CO,) 
five hours after injection. 

The fact that the specific activity of body glu- 
cose is essentially constant for five hours may 
explain the constant specific activity obtained 
for expired CO, (Figure 12). It would ap- 
pear that ribose is converted rapidly to glucose 








and that the oxidation of glucose is the means by 
which C** appears in CO,. The low specific ac- 
tivity of expired C'*O, and decreased excretion 
of C** in CO, seen in the diabetic may be inter- 
preted as being due not only to the low specific 
activity in an expanded glucose pool, but also to 
the defect in glucose metabolism known to exist 
in the diabetic. 

According to the reactions of the pentose phos- 
phate pathway (1), radioactive glucose derived 
from ribose-1-C** should be labeled predominantly 
in carbons one and three. Indeed, in the intact 
mouse, Hiatt (11) observed that ribose-1-C** gave 
rise to C1 glucose with 34 per cent of the activity 
in carbon one, 56 per cent in carbon three and a 
small quantity of activity in the other carbons. 
In order to determine whether ribose-1-C** was 
converted to glucose by this pathway in man, glu- 
cose, from urine obtained during the fourth hour 
after ribose injection, was isolated as crystalline 
potassium gluconate. An aliquot was converted 
to CO, to obtain the total radioactivity in carbon 
one to carbon six collectively. Another portion 
was degraded so as to obtain carbon one and 
carbon six, individually, and carbon two to carbon 
five, collectively, as CO,. Thirty-one per cent of 
the activity in carbon one to carbon six resided in 
carbon one, 6 per cent in carbon six and the re- 
mainder in the carbon two to carbon five fraction, 
presumably the activity being in carbon three. 
These figures correspond with Hiatt’s results in 
the mouse, and give evidence that ribose was me- 
tabolized in man by conversion to glucose via 
the pentose phosphate pathway. 


DISCUSSION 


The kinetics of the disappearance of p-ribose 
from blood differ from those of p-glucose (46) or 
p-xylose (15) by being dose dependent. Our 
kinetic data indicate that the system for clearing 
ribose from blood is saturated after the infusion of 
small amounts of the sugar. That the assumption 
has some validity may be derived from the expired 
CO, data after tracer and 20 Gm. dose of la- 
beled ribose. With the larger dose, the maximum 
specific activity of the C'*O, appeared at a later 
time and reached a much lower value (Figure 12). 

The rate constants of disappearance of ribose 
from blood ranged from 3.8 to 13.8 per cent per 
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minute, depending on the dose. Rate constants 
observed after the infusion of small amounts of 
ribose are larger than those observed after the in- 
fusion of various hexoses and other pentoses (15). 
Only p-galactose disappears from blood at a rate 
similar to that of ribose (47). At comparable dose 
levels, the rate constant of ribose removal from 
blood is four to five times as large as that of other 
pentoses (15). Helmreich and Cori (48) have 
similarly reported that injected ribose disappears 
from the body of the nephrectomized rat at rates 
much greater than those of other pentoses. 

The average total urinary excretion of ribose 
after a 15 minute infusion was 21 per cent of the 
dose. A much smaller amount was excreted after 
constant infusion of the sugar at a slow rate. 
None of our studies was designed to determine 
accurately the renal mechanism for excreting 
ribose, and we are not aware of any careful stud- 
ies of the renal handling of this pentose comparable 
to those reported for xylose (49). One difference 
between the renal handling of ribose and xylose is 
suggested from the present studies. Plasma glu- 
cose levels of about 300 mg. per cent cause a 
saturation of the xylose tubular reabsorbing 
mechanism and increase the renal clearance of 
xylose (50). No such effect was observed in the 
ribose studies in diabetics, for with blood glucose 
levels of about 300 mg. per cent, these subjects 
excreted no greater amounts of ribose in urine 
than the subjects with normal blood glucose levels. 

Normally, small amounts of ribose can be de- 
tected in urine (51). There have been several 
reports of a ribosuria associated with muscular 
dystrophy (52) and neoplastic disease (53). 
Whether this ribosuria is a primary defect in 
these diseases, or is merely a consequence of tis- 
sue breakdown has not been established definitely. 

The present studies with ribose-1-C'* in the 
normal subject have clearly demonstrated that the 
ribose escaping urinary excretion is rapidly me- 
tabolized, with prompt excretion of a portion of 
the first labeled carbon as CO,. Since CO, ap- 
peared so soon after the injection of the labeled 
sugar, it is not likely that bacterial degradation 
of ribose that may have entered the gastrointestinal 
tract can be held responsible. Furthermore, the 
C' ribose experiment in the diabetic has shown 
that the ribose not excreted in urine is largely 
converted to glucose by the sequence of reactions 
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of the pentose phosphate pathway as seen in Fig- 
ure 1. Since ribose is converted to glucose, it ap- 
pears probable that the C**O, in expired air is 
derived from the oxidation of labeled glucose. 

The phosphorylation of ribose to form ribose 
5-phosphate appears to be a prerequisite step for 
ribose metabolism, and a p-ribokinase has been 
isolated from mammalian tissue (12). The ques- 
tion arises as to whether the serum phosphate 
drop after ribose infusion in man reflects this 
metabolic step. Since there seems to be no cor- 
relation between the dose of ribose and the phos- 
phate fall, nor a difference in the phosphate de- 
cline afte: saline or ribose infusion (Table II, 
Subject J. D.), it appears unlikely that the ob- 
served phosphate changes have real significance. 
A fall in serum phosphate has been observed after 
the infusion of other pentoses (15). 

Strangely enough, though ribose has been shown 
to be converted to glucose, hypoglycemia results 
after ribose infusion. This finding is apparently 
a species specific response, for Naito (7) reports 
that after the injection of ribose into the mouse 
and rabbit, there is an increase in the level of 
fermentable reducing substance, presumably glu- 
cose, in blood. A hypoglycemic response in man 
has been reported after the infusion of galactose 
into subjects with congenital galactosemia (40) 
and some normals (54), and although several 
laboratories report increases in blood glucose after 
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fructose infusion (55, 56) one group of investiga- 
tors has observed a hypoglycemic response to 
fructose (57). The production of hypoglycemia 
by ribose infusion is not an effect shared by xylose 
or other pentoses (15). 

The lack of symptomatic response to ribose- 
induced hypoglycemia is of interest. Manifesta- 
tions of hypoglycemia may be dependent on sev- 
eral factors, the rate of glucose fall, epinephrine 
release, and the low level of glucose actually en- 
countered. It seems probable that the rate of fall 
in these experiments was sufficiently rapid and the 
glucose level low enough (15 to 30 mg. per cent) 
to cause symptoms. The lack of symptoms im- 
plies perhaps that neural tissue was able to utilize 
ribose or that sufficiently high glucose levels ex- 
isted intracellularly. Indeed, Sable (58) has 
shown that ribose 5-phosphate is metabolized to 
hexose phosphate by brain homogenates. How- 
ever, Park and co-workers (59) have demon- 
strated that ribose is unable to cross the blood- 
brain barrier in the rat, a fact which makes it 
doubtful that ribose itself could obviate a hypo- 
glycemic response. In support of this is the 
fact that when insulin-induced hypoglycemia oc- 
curred, ribose did not appear to alleviate the 
symptoms. 

Since the level of glucose in blood is dependent 
on the relative rates of entry and loss of glucose 
from blood, one has to consider the possibilities 
that ribose has either inhibited the hepatic mecha- 
nism determining the rate of entry of glucose 
into blood or increased the peripheral utilization 
of glucose via an insulin-like effect. It is conceiv- 
able that ribose causes a liberation of insulin from 
the pancreas. Hiatt (60) has obtained evidence 
that the hypoglycemic response to ribose in the 
dog is mediated by the pancreas. However, the 
observations we have made in man of a lack of 
blood phosphate and pyruvate change, associated 
with ribose-induced hypoglycemia, have led us to 
the belief that this effect of ribose may be primarily 
an hepatic one. 

Under the conditions of our in vitro studies, 
the results indicate that an inhibition of phospho- 
glucomutase activity, causing a decrease in the 
rate of glycogen breakdown in the liver, could be 
responsible for the hypoglycemia reported here. 
Since we have only studied the ribose phosphate 
effect on one enzyme, we cannot state that this 
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may be the sole locus of a possible defect in hepatic 
glucose output. In addition, it is only by con- 
jecture and inference that we can extend obser- 
vations made about an isolated enzyme to the 
intact cell or organism. 

In the experiments with phosphoglucomutase 
in vitro, the direct addition of ribose ester caused 
an inhibition which could be ascribed to the pres- 
ence of nonspecific organic phosphate (41). 
Therefore, it was necessary to demonstrate a more 
specific inhibition, and this was done with the pre- 
incubation type of experiment. In these studies, 
ribose 5-phosphate was used in excess of glucose 
1-phosphate. However, since gram quantities of 
ribose are being metabolized in the in vivo experi- 
ments, it does not seem unreasonable that ribose 
5-phosphate would be in excess of normally oc- 
curring amounts of glucose 1-phosphate. It is 
conceivable that the presence of significant amounts 
of intracellular ribose phosphate might well change 
the ionic environment of the mutase to produce 
the first type of inhibition. Possibly the ribose 
phosphate interacts with the enzyme and glucose 
1,6-diphosphate according to Klenow and Ember- 
land (43) to cause depletion of the latter cofactor 
and a state of dephosphorylation of the enzyme. 
This sequence would correspond to but not be 
identical to our preincubation period. It is inter- 
esting to point out that our im vitro observations 
parallel those observed of the effects of galactose 
1-phosphate on the mutase reaction (38), that 
both sugars cause hypoglycemia, and that there 
has been shown an accumulation of intracellular 
galactose 1-phosphate in galactosemics (61), sub- 
jects who are known to have a hypoglycemic re- 
sponse to galactose infusion (40). 

In both our in vitro studies and those reported 
with galactose 1-phosphate (38), isolated rabbit 
enzyme has been used. Though rabbits respond 


to ribose injection with a rise in blood glucose 
(7), this could be due to kinetic or other factors 
operating to rid the cell more quickly of ribose 
phosphate by conversion to glucose. 

The observation of Levine, Goldstein, Huddle- 
stun, and Klein (62) that insulin increases the 
volume of distribution of various sugars in the 
eviscerate dog has been corroborated in other ani- 
mal species (59, 63). We have reported that in 
man, insulin causes an enhancement of the disap- 
pearance of the infused pentoses p-xylose, L-arabi- 
nose, and p-lyxose,, whereas D-arabinose is unaf- 
fected (16). Since the blood level of p-ribose is 
affected by insulin, this pentose may be grouped 
with the others similarly affected in the category 
of insulin responsive sugars. Although Goldstein, 
Henry, Huddlestun, and Levine (64) postulated 
a specificity of configuration for insulin responsive 
sugars, namely that carbon atoms one to three 
resembled the structure of these carbons in p-glu- 
cose, this has not been found to be the case by 
other investigators (54, 63). In man, p-lyxose, 
which differs from the glucose structure in carbon 
two, and p-ribose, which differs in carbon three, 
are insulin responsive. The response of these two 
sugars to insulin, however, is minimal compared 
to the response of D-xylose and L-arabinose, sugars 
which have the glucose configuration in carbon 
one to carbon three. At this time though, the re- 
lationship of the structure of a sugar to its insulin 
responsiveness is unsettled; the theory that in- 
sulin acts by facilitating the transport of sugars 
across the cell membrane is quite tenable. 

The fates of ribose other than entrance into 
the pentose phosphate pathway are shown in 
Figure 14. Once isomerized to ribulose 5-phos- 
phate, ribose 5-phosphate has several fates. An 
epimerization to xylulose 5-phosphate may ensue 
(65), whereupon a cleavage of the latter sugar 
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occurs (in bacteria) to form an acetyl phosphate 
and glyceraldehyde phosphate (66). Free ribu- 
lose has been reported to be present in normal 
human urine (67), suggesting that ribulose phos- 
phate is dephosphorylated. Recently Hollmann 
and Touster (68) have demonstrated the pres- 
ence of an enzyme in mammalian tissue, which is 
capable of reducing free ribulose to the sugar al- 
cohol ribitol. Ribulose phosphate is also capable 
of being phosphorylated to ribulose 1,5-diphos- 
phate (69) which acts as an important intermedi- 
ate in the fixation of CO, in plants by forming 
two molecules of phosphoglycerate (70). 

Ribose 5-phosphate may be changed to ribose 
l-phosphate by, the enzyme phosphoribomutase 
(71). Ribose 1-phosphate, interacting with pu- 
rine bases under the influence of a nucleoside phos- 
phorylase described by Kalckar (72), forms nu- 
cleosides which theoretically may be phosphory- 
lated to yield a nucleotide, the structural com- 
ponent of nucleic acids. The main pathway for 
the formulation of nucleotides, however, involves 
the pyrophosphorylation of ribose 5-phosphate to 
form phosphoribosylpyrophosphate (73, 74). A 
summary of the reaction sequence of this pathway 
has recently been published by Wyngaarden (75). 

According to Soskin and Levine (76), ribose 
forms a negligibly small part of the daily carbo- 
hydrate intake in man. It is ingested chiefly as 
a component of the nucleic acids of meat. Whether 
any part of this ingested ribose, or the ribose we 
infused, is incorporated intact into body nucleic 
acid is not known. Studies have suggested that 
ribose isolated from animals is synthesized from 
glucose or carbon fragments by enzymes involved 
in the pentose phosphate pathway of metabolism 
(77, 78). Recently, however, it has been shown 
that ribose may be incorporated directly into nu- 
cleic acid (79) in the HeLa cell in tissue culture. 


SUMMARY 


The metabolism of p-ribose was studied in man 
by the infusion of both labeled and unlabeled sugar. 
This pentose was found to be rapidly and exten- 
sively metabolized, a principal fate being conver- 
sion to body glucose via the pentose phosphate 
pathway. Although converted to glucose, the 
ribose infused caused a lowering of blood glucose, 
presumably by inhibiting the enzyme phosphoglu- 
comutase, thus preventing glycogen breakdown 


in the liver. Ribose was found to be insulin 
responsive, although its response was smaller than 
that observed with other pentoses. 
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The evidence is quite conclusive from animal 
studies that an excess of circulating thyroid hor- 
mone results in adrenal enlargement, and hypo- 
thyroidism produced by surgical thyroidectomy or 
by administration of antithyroid drugs results in 
adrenal atrophy. This subject has been exten- 
sively reviewed by Money (1). Studies of adrenal 
size in patients with thyroid disease coming to 
autopsy have yielded conflicting reports. Means 
(2) reported no change in adrenal size in hyper- 
thyroidism, Marine (3) and LeCompte (4) re- 
ported a decrease in size of the adrenal, and Holst 
(5) found enlarged adrenals in some patients with 
hyperthyroidism. Berkheiser (6) reported an ad- 
vanced case of hypothyroidism, with atrophy of the 
adrenals and lipoid depletion. 

Measurements of adrenal size may not, how- 
ever, always represent a completely satisfactory 
“yardstick” for evaluation of adrenal cortical secre- 
tory activity (7, 8). In the past few years, sev- 
eral investigators have reported measurements of 
various plasma and urinary steroid fractions in 
hyper- and hypothyroidism in man. Several in- 
vestigators have reported on the levels of free 
urinary corticoids (9-12) in hyperthyroidism, and 
in myxedema (9, 10). Because of the relatively 
nonspecific methods of assay used these data are 
difficult to interpret. Urinary 17-ketosteroids 
have usually been found to be low in both hyper- 
and hypothyroidism (9-18). Plasma 17,21-di- 
hydroxy-20-ketosteroids have been reported to be 
normal in these diseases (19-21). Guinea pigs, 
which excrete a large fraction of the cortisol me- 
tabolites as free 17,21-dihydroxy-20-ketosteroids, 
show an increased excretion of free urinary corti- 
coids after administration of thyroxine (20). In 
patients with clinical myxedema, the urinary level 
of the total free and glucuronide conjugated 17,21- 
dihydroxy-20-keteosteroids has been found to be 
decreased, whereas in hyperthyroidism the level 


of these urinary steroids is either normal or slightly 
increased (20). 

Thyroidectomized rats (22) and cats (23) are 
reported to survive adrenalectomy better than ani- 
mals with an intact thyroid, and administration of 
thyroid to the adrenalectomized cats produced 
sudden death of the animals. Also, in patients 
with Addison’s disease, acute adrenal cortical fail- 
ure may be precipitated if thyroid hormone is ad- 
ministered (24, 25). Primary myxedema has 
been observed in which the presenting findings 
were those of adrenal cortical insufficiency, and 
adrenal function returned to normal following 
thyroid hormone therapy (26). 

With the advent of new and improved methods 
for the measurement of certain of the adrenal 
cortical hormones, and the availability of cortisol- 
4-C1*, it has become possible to further study the 
relationship of the thyroid hormone to adrenal 
cortical function. These techniques have been ap- 
plied to a study of the rate of degradation and the 
rate of synthesis of cortisol in myxedema and thy- 
rotoxicosis, before and after therapy. In this 
manner, much new information has been gained 
regarding the state of activity of the adrenal cor- 
tex in these diseases. 


MATERIALS AND METHODS 


Eight patients with the classical symptoms, signs, and 
laboratory findings of thyrotoxicosis (Grave’s disease) 
and seven patients with findings typical of primary myx- 
edema served as the subjects of these studies. All the 
patients had hypo- or hyperthyroidism of moderate se- 
verity. Diagnoses were established on the basis of the 


1The diagnosis of hypopituitarism would appear to 
have been ruled out on the basis of the following: 1) 
normal plasma cortisol levels, 2) return of the urine 
corticosteroid levels (A. A., M. H., G. B.) and cortisol 
turnover rates (M. H., H. A., A. A., G. B.) to normal 
following treatment with dessicated thyroid, and 3) nor- 
mal adrenal response to corticotropin in Patients W. C. 
and M. L. 
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clinical picture, basal metabolic rate, thyroid uptake of 
I™, serum cholesterol, and serum protein-bound iodine. 
One normal subject was studied prior to and during the 
four week period following the administration of tri- 
iodothyronine (300 wg. per day) to induce a hyperthy- 
roid state. 

Plasma cortisol and urinary corticosteroids were de- 
termined by the modified (27, 28) procedure of Silber 
and Porter (29). Urinary 17-ketosteroids were deter- 
mined by the Zimmermann procedure modified from the 
Holtorff and Koch method (30). 

The steroids for intravenous administration were dis- 
solved in ethanol and diluted to 300 or 500 ml. with 5 
per cent dextrose in water to a final alcohol concentra- 
tion of approximately 5 per cent. Following rapid infu- 
sion of the steroids, plasma samples were collected and 
assayed. The rate of disappearance of the steroids was 
expressed as a biologic half-time. Cortisol was assayed 
by the modified Silber-Porter procedure. The speci- 
ficity of this assay procedure for cortisol in plasma fol- 
lowing infusion of cortisol has been evaluated by isotope 
dilution (28) and found to be good. Cortisone and corti- 
costerone were assayed by an isotope dilution method, 
since the phenylhydrazine assay for cortisone (31), and, 
to a lesser extent, the fluorometric assay for corticos- 
terone (32), were not found to be specific for the de- 
termination of these steroids in plasma following their 
infusion. Urine cortisol concentration following the infu- 
sion of cortisol was also determined by the isotope dilu- 
tion procedure. 

The rapidly exchangeable miscible pool of cortisol and 
the rate of turnover of the pool 2 were determined by the 
previously described method (33). Two hundred to 
300 wg. of cortisol-4-C* (10 to 20 per cent of the pool 
size) were injected over a two to three minute period at 
9:00 a.m. Plasma samples were collected every 30 min- 
utes for the next three hours for measurement of the 
specific activity of cortisol. 


RESULTS 


Table I lists the plasma cortisol and urinary 
corticosteroid and 17-ketosteroid levels in the 
patients studied. The plasma cortisol level was 
found to be slightly elevated in one patient (G. B.) 
with untreated myxedema. In two patients with 
untreated hyperthyroidism, low values were found 
(D. Y., B. M.). In some of the subjects, de- 
terminations were made during the myxedematous 
or thyrotoxic period and again several months (3 
to 12 months) following therapy; however, sig- 
nificant changes were not usually observed. The 


* Turnover rate is defined as the quantity of newly syn- 
thesized cortisol added to the miscible pool, presumably 
by the adrenals, per unit time. The miscible pool is de- 
fined as that body of cortisol whose mixing is rapid rela- 
tive to its turnover. 


patients with myxedema were treated with desic- 
cated thyroid (90 to 180 mg. per day). The pa- 
tients with hyperthyroidism were treated with 
propylthiouracil (100 to 300 mg. per day), or with 
methimazole, except for Patient C. M., who re- 
ceived a therapeutic dose of radioactive iodine (4 
me.). D. B. was a normal subject made hyper- 
thyroid by administration of triiodothyronine for 
four weeks. 

All of the subjects with thyrotoxicosis had low 
levels of 17-ketosteroids in the urine. Normal 
subject D. B. showed a decline in excretion of 17- 
ketosteroids after the fourth week of therapy 
with triiodothyronine. All of the subjects with 
myxedema had a decreased urine 17-ketosteroids 
output, and the urine steroid level rose slightly 
following therapy with thyroid. 

In the patients with thyrotoxicosis, the urinary 
corticoid levels were clearly elevated in D. Y. and 
B. M. In Patients B. D., C. M., and R. W. (fe- 
males), the urinary corticoid levels were only 
slightly above the normal range of 4 to 10 mg. per 
day for females. No elevation of urinary corti- 
coids occurred in the normal subject (D. B.) 
until the third week of treatment with triiodothy- 
ronine. All of the subjects with myxedema had 
urine corticoid levels below normal, and these re- 
turned to normal following therapy with thyroid. 

Cortisol (100 to 200 mg.) was infused into eight 
subjects with thyrotoxicosis and five patients with 
myxedema (Table I). Figure 1 shows the curves 
of disappearance of cortisol from the plasma of a 
normal subject, and a patient with hyperthyroid- 
ism, and one with myxedema. In the hyperthyroid 
group, the infused cortisol was removed from the 
plasma at a greatly accelerated rate, except in the 
case of Patient V. H. This subject had a moder- 
ately enlarged liver and minimally abnormal liver 
function tests. In all but one of the patients 
(M. H.) with myxedema, there was a delayed 
disappearance of cortisol from the plasma. In 
both groups, following appropriate therapy for 
the thyroid disorder, the plasma disappearance 
rates of the infused cortisol returned toward the 
normal range. 

The metabolisms of infused cortisone and corti- 
costerone were found to be altered in the same 
direction as cortisol (Table I). 

The urinary concentration of cortisol was de- 
termined in three patients (D. Y., R. W., and 
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TABLE I 


Plasma and urine steroid levels and biologic half-times of infused steroids 








Urinary steroids Biologic half-times* (hrs.) 














Plasma 17-Keto- 
cortisol Corticoids steroids F E B 
ug. % mg./day 
Hyperthyroidism 
V.H. 2 untreated 15 1.83 0.53 
E.S. 9 untreated 11 1.0 0.67 
B.D. 9 untreated 8 12.0 5.0 0.92 0.27 
C.M. 92 untreated 18 11.2 4.7 0.63 
myxedema 15 2.6 3.3 2.15 
treated 15 4.0 4.0 
D. Y. @ untreated 3 25.0 0.67 | 
treated 13 
R. W. 9 untreated 11 10.9 3.6 0.92 
W.C. co untreated 13 16 75 
B. M. 9 untreated 4 28.0 5.5 0.83 0.20 0.67 
treated 14 7.8 10.5 1.83 1.33 
D.B. o& T-3t 8 22.0 15 1.16 
control 22 12.0 25 1.83 
Myxedema | 
N.F. @ untreated 21 Z.5 1.8 3.25 0.92 
A.A. 92 untreated 19 2.8 3.5 2.35 2.35 
treated 20 8.5 4.5 1.50 1.43 
W.C. @ untreated 18 5.0 8.8 
M.H. 2 untreated 11 2.5 3.0 1.83 0.60 
treated 13 6.2 $:2 
M.L. 9 untreated 9 2.2 2.3 2.00 
H. A. co untreated 11 3.5 3.4 
G.B. 2 untreated 28 2.0 2.5 2.70 0.58 1.83 
treated 19 7.0 5.4 1.58 
| 
Normals 
Range 6-25 9 410 6-15 1.50-2.00 0.38-0.58  1.16-1.50 
Mean, S. D. 14+3.5 641.2 10+1.0 1.83+0.10 0.45+0.03 1.33+0.05 
oo 414 o 10-25 
741.5 15+1.5 





*F = Cortisol; E = Cortisone; B = Corticosterone. 
¢ T-3 = Triiodothyronine. 


B. M.) with thyrotoxicosis following the infusion 
of 200 mg. of cortisol. In all subjects, the urine 
cortisol concentration (0.8, 1.0, and 2.0 mg. per 
24 hours) was found to be lower than that obtained 
in five normal subjects given 200 mg. cortisol in- 
travenously (2.5 to 3.8 mg. per 24 hours). In 
one patient with myxedema (M. L.), the urine 
cortisol concentration in the 24 hour urine obtained 
following the infusion of 200 mg. of cortisol was 
5.6 mg. 

Table II shows the data on the miscible pool of 
cortisol and its turnover rate in the patients with 
myxedema and thyrotoxicosis. For several of 
these patients data are also included for the period 
(3 to 12 months) following therapy for the thyroid 
disorder. In the normal subject (D. B.), the 


control studies were carried out prior to treatment 


with triiodothyronine. It may be noted that the 
fraction of the pool replaced per hour was much 
increased above normal in the hyperthyroid sub- 
jects and less than normal in the myxedema pa- 
tients. The size of the miscible pool of cortisol in 
both the hyperthyroid and myxedema patients was 
not greatly different from that found in normal 
subjects. Also, in most of the patients studied be- 
fore and after therapy the pool did not show a 
striking change in size. In Subject D. B., and 
Patients D. Y. and B. M. with hyperthyroidism, 
both the plasma cortisol and miscible pool of cor- 
tisol changed significantly in the same direction 
with a change to the euthyroid state. 

In Table II the figures listed for milligrams of 
cortisol secreted per day may have much less sig- 
nificance than those listed for milligrams of corti- 
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sol secreted per hour. This results from the fact 
that the turnover rate studies cover only a three 
hour period of the day (9:00 a.m. to noon). 
These figures are, however, included for the bene- 
fit of those who may wish to compare them to the 
milligrams of urinary corticoids secreted per day 
in these same patients. 

Figure 2 shows the specific activity curves of 
cortisol-4-C** following the infusion of a trace 
quantity of labeled cortisol into Patient C. M. 


DISCUSSION 


The presence of normal plasma cortisol levels 
in most of the subjects with thyrotoxicosis or 
myxedema might at first suggest that there is no 
alteration in adrenal cortical secretion or rate of 
degradation of cortisol. The concentration of 
cortisol in the plasma is, however, not always a 
reliable index of the state of activity of the adrenal 
cortex since the level of cortisol in the plasma is 
maintained through the balance of the forces of 
production and destruction of the hormone. 

The 24 hour urinary steroid assay is essentially 


a measure of metabolites of cortisol and is a reflec- 
tion of the quantity of cortisol secreted during 
a day. This procedure represents, however, a 
rather crude index and suffers the following short- 
comings: (a) except for a small fraction of free 
steroid metabolites, it measures only the fraction 
of steroid metabolites of cortisol excreted as ster- 
oids conjugated as glucuronides (27); (b) the 
steroid glucuronide conjugates in the urine nor- 
mally make up only about 60 per cent of the me- 
tabolites of cortisol, but only about one-half of the 
60 per cent retain the dihydroxy acetone side chain 
(27) and thus react with phenylhydrazine in sul- 
furic acid and ethanol to form the characteristic 
yellow chromophore absorbing maximally at 410 
my; (c) a small but variable fraction of the phenyl- 
hydrazine reacting material may be nonsteroidal. 

Disappearance of cortisol from the plasma is a 
reflection of the rate of catabolism of the hormone 
by the liver (27), since only a small quantity is 
excreted as unaltered cortisol. With but one ex- 
ception, all of the patients with thyrotoxicosis stud- 
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TABLE II 


Miscible pool and turnover rate of cortisol in thyroid disease 








Pool 
még. 


ty* kt Turnover rate 
hrs. mg./hr. mg./day 





Hyperthyroid 


D. B. T-3t 1.2 
control 2.4 
Dp. Y. untreated 1.0 
treated 3.6 
C. M. untreated Be 
myxedema 1.2 
treated 1.2 
B. M. untreated 0.8 
treated 1.5 
W. C. untreated 1.8 
R. W. untreated 1.6 
Myxedema 
M. H. untreated 2.0 
treated 1.4 
H. A. untreated 1.1 
treated 3.3 
A.A. untreated 0.8 
treated LS 
G. B. untreated 2.4 
treated 2.0 
M. L. untreated 1.1 
W. C. untreated 22 
Normals 
Range 1.1-2.4 
Mean, S. D. 1.7+0.2 


0.38 1.82 2.26 55 
1.30 0.51 1.22 29 
0.28 3.90 3.90 94 
1.07 0.65 1.30 31 
0.38 1.82 2.41 58 
3.92 0.18 0.22 5.3 
0.83 0.83 1.02 24 
0.18 5.75 4.60 110 
0.89 0.72 1.08 26 
0.67 1.04 1.91 46 
0.61 1.14 1.83 44 
9.64 0.07 0.15 3.5 
1.05 0.66 0.94 23 
2.08 0.33 0.37 8.8 
1.77 0.40 1.30 31 
2.33 0.29 0.23 4.5 
0.55 1.26 1.64 39 
4.60 0.15 0.36 8.6 
1.10 0.63 1.25 30 
2.64 0.26 0.29 7.0 
2.75 0.25 0.55 14 
1.0-2.3 0.3-0.7 0.7-1.2 17-29 
1.4+0.2 0.5+0.1 0.85+0.08  20+1.0 





*t, = Time for the specific activity of plasma cortisol to be reduced by 50 per cent. 


¢ k = Fraction pool replaced per hour. 

t T-3 = Triiodothyronine. 
ied showed a very significantly increased plasma 
clearance (metabolism) of infused cortisol. The 
patients with myxedema showed a moderately de- 
layed rate of transformation of infused cortisol. 

The above observations have previously been 
made by Levin and Daughaday (20) and recently 
confirmed by Di Raimondo, Sagan, Perloff, and 
Forsham (34). 

The increased metabolic transformation of cor- 
tisol in thyrotoxicosis is not a unique feature of 
the metabolism of cortisol since the metabolism of 
other compounds, viz., cholesterol (35), may be 
similarly altered by an excess of thyroxine. The 
specific nature of the defect in the capacity of the 
liver to metabolize cortisol in thyrotoxicosis has 
not been elucidated; however, there may be an 
increase in level of the enzymes or co-enzymes in 
the liver required for the biotransformation of 
cortisol and many other steroids.? The concentra- 


3 Crude liver homogenates from rats made thyrotoxic 
with thyroxine produce a twofold increase in the rate of 
degradation of cortisol when compared to liver homoge- 
nates from normal rats (36). 


tion of a number of oxidative enzymes is increased 
in the liver and other tissues of animals following 
the administration of thyroid, and thyroidectomy 
is usually followed by a decreased level of these 
same enzymes (37). The data obtained on the 
rate of metabolism of other steroids (cortisone, 
corticosterone) infused into patients with thyro- 
toxicosis suggests that there may be an increased 
level of many of the enzymes involved in the meta- 
bolic transformations of steroids (38). 

With the aid of cortisol-4-C** and utilization of 
conventional tracer techniques to study the mis- 
cible pool and turnover rate of cortisol, it has been 
possible to show that in patients with myxedema, 
the rate of synthesis of cortisol by the adrenals 
was decreased in the presence of a normal miscible 
pool. In thyrotoxicosis the turnover rate studies 
showed that the adrenals were producing an in- 
creased amount of cortisol in the presence of a 
normal miscible pool. 

In thyrotoxicosis the increased production of 
cortisol in the presence of eucorticism was in many 
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cases reflected by an increase in the concentration 
of cortisol metabolites in the urine. Patient W. C., 
however, had a normal urine corticoid level, yet 
the calculated value for daily cortisol production 
was about twice normal. Also, cortisol turnover 
was increased approximately twofold in Patients 
C. M. and R. W.; however, the urinary corticoid 
level was only slightly above normal. An ex- 
planation for this apparent discrepancy may be 
related to the unreliability of the urine corticoid 
assay as discussed previously.* Bradlow, Hell- 
man, Zumoff, and Gallagher (39) have recently 
published data showing that the level of thyroid 
function alters the type of urinary metabolites 
from both endogenous and exogenously adminis- 
tered androgens. 

The findings reported in this paper may be ex- 
plained on the basis of a single primary defect, 
i.e., alteration in rate of enzymatic transformation 
of the circulating cortisol by the liver. The liver 
may thus influence indirectly the production of 
cortisol through its control of one of the humerol 
regulators (plasma cortisol level) controlling se- 
cretion of corticotropin. In thyroid disease, as in 
liver disease, it may be the functional capacity of 
the liver to metabolize cortisol and not the re- 
quirements of the tissue cells that dictate the con- 
trol of the pituitary adrenal cortical system. 

An alternate hypothesis might be that thyroid 
hormone acts directly on the pituitary or adrenal 
to control cortisol secretion. In animals it has 
been found that an intact pituitary is necessary to 
obtain adrenal cortical hypertrophy following thy- 
roid administration (40, 41). This observation 
in animals would also seem to rule out the pos- 
sibility that the excess circulating thyroid hor- 


4 Following the injection of cortisol-4-C“ to patients 
with thyrotoxicosis and myxedema, an average of 77 per 
cent of the radioactivity was present in the first 24 hour 
urine collection. Glucuronidase hydrolysis and dichloro- 
methane extraction of these same urines resulted in an 
average recovery of 45 per cent of the administered radio- 
activity. These data are similar to the data reported for 
normals (27), and demonstrate that in thyroid disease 
there is no alteration in either the total quantity of the 
cortisol metabolites excreted or that fraction conjugated 
as glucuronides. It is possible, as suggested by the stud- 
ies of Levin and Daughaday (20), that in thyrotoxicosis 
there is a more extensive degradation of the steroid 
molecule; vis., a preferential increased reduction of the 
C-20 ketone group of cortisol to form a larger fraction of 
nonphenylhydrazine-reacting urinary steroid metabolites. 
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mone acts directly on the adrenal cortex inde- 
pendent of the pituitary (or circulating corti- 
cotropin) to increase cortisol secretion. If the 
thyroid hormone were to act directly on the pitui- 
tary or adrenal, it would be necessary to invoke 
more than a single defect since the liver is clearly 
involved and must be included in any explanation 
in order to account for the normal plasma cortisol 
level. 

A renal mechanism probably need not be intro- 
duced to explain the reported observations since 
only a small fraction of the secreted cortisol is 
lost via the kidneys [50 to 150 wg. per day (42)]. 
Also, the data on the concentrations of cortisol in 
the urine after infusion of cortisol to normals and 
patients with thyroid disease demonstrate that 
very little of the circulating cortisol is disposed of 
by the kidneys. 

In both the thyrotoxic and myxedematous pa- 
tients, there was a low urinary output of neutral 
17-ketosteroids. In the patients with thyrotoxi- 
cosis, the low 17-ketosteroids are probably not the 
result of a decreased conversion of 17-hydroxy 
steroids such as cortisol or its metabolites to 17- 
ketosteroids, since normally only a small fraction 
(about 10 per cent) of the cortisol is metabolized 
to 17-ketosteroids. Also, these patients actually 
had a greater quantity of cortisol available for 
transformation to 17-ketosteroids. The only ex- 
planation that is apparent at this time without ad- 
ditional data is that in thyrotoxicosis, the adrenal 
cortex secretes cortisol in preference to the andro- 
gens (17-ketosteroids). 

The various clinical implications of these stud- 
ies deserve some comment. The data would in- 
dicate that patients with myxedema have a relative 
adrenal insufficiency, especially as regards secre- 
tion of cortisol. Under normal or basal conditions, 
such patients experience no difficulty because they 
metabolize the secreted cortisol at a decreased rate. 
By virtue of a normally intact pituitary-adrenal 
cortical system, the patient with myxedema is not 
subjected to a plethora of cortisol. Under condi- 
tions of stress, the adrenals of these patients may 
be able to effect an adequate response, which, 
however, need only be subnormal since any addi- 
tional cortisol secreted will remain for a longer 
time in the miscible pool. It is well known that 
administration of thyroxine to patients with Addi- 
son’s disease may precipitate adrenal crisis (24, 
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25), and it might be anticipated that if a patient 
with severe myxedema were treated too vigorously 
with thyroid, adrenal cortical insufficiency could 
be induced. 

The thyrotoxic individual is capable of manu- 
facturing each day a quantity of cortisol that in a 
normal subject would quickly induce a state of 
hypercorticism. It might be postulated that if the 
hyperthyroid state were severe enough, as in a 
thyroid crisis, the rate of transformation of se- 
creted cortisol might exceed the capacity of the 
adrenal to synthesize cortisol, and thus adrenal in- 
sufficiency might develop in the presence of an 
overproduction of cortisol. [In normal subjects, 
the adrenal appears to be capable of synthesizing 
150 to 200 mg. of cortisol per day with maximal 
corticotropin stimulation (33).] Thus, such pa- 
tients might be benefitted by exogenously ad- 
ministered cortisol and indeed this has been advo- 
cated as an important therapeutic adjunct to the 
treatment of the thyroid crisis (43). 


SUMMARY 


Plasma cortisol levels were normal in most pa- 
tients with myxedema or thyrotoxicosis. Urine 
17-ketosteroids were low in both myxedema and 
thyrotoxicosis. Urine corticoids were low in 
myxedema, and normal or moderately elevated in 
thyrotoxicosis. The urine corticoids returned to 
normal more promptly than the 17-ketosteroids fol- 
lowing treatment of the thyroid disorder. Infused 
steroids were found to disappear from the plasma 
at an increased rate in thyrotoxicosis, and at 
a decreased rate in myxedema. Appropriate 
therapy for the thyroid disease returned the 
metabolism of the infused steroids to normal. The 
rate of synthesis of cortisol was reduced in myx- 
edema and increased in thyrotoxicosis, and these 
alterations in the rate of secretion of cortisol were 
not associated with a significant change in the size 
of the miscible pool. Institution of the euthyroid 
state in these patients returned adrenal cortisol 
production to normal. 

It is suggested from these data that there is a 
homeostatic mechanism mediated through the 
liver-pituitary-adrenals which results in a de- 
creased synthesis of cortisol in patients with myx- 
edema in whom the rate of removal of cortisol by 
the liver is impaired, and an increased synthesis of 
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cortisol in patients with thyrotoxicosis in whom 
the rate of removal of cortisol by the liver is 
accelerated. 
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A considerable body of evidence supports the 
view that the bicarbonate diuresis produced by 
acetazolamide (Diamox®) results from inhibition 
of carbonic anhydrase activity in renal tubular 
cells (1-3). In a preliminary study (4), it was 
found that this diuresis was reduced if metabolic 
acidosis was induced prior to the administration 
of the drug. This phenomenon has subsequently 
been observed repeatedly in clinical and experi- 
mental studies (5-8). It is now well known that 
patients with metabolic acidosis do not respond to 
acetazolamide and that the acidosis resulting from 
the administration of acetazolamide is an im- 
portant factor in the development of resistance to 
continued treatment with this drug (9-11). 

Some workers have found an apparent threshold 
for acetazolamide activity at plasma bicarbonate 
levels of approximately 16 mEq. per L. (6). At 
levels below this threshold, oral administration of 
acetazolamide is said to have no effect. Other 
studies have reported marked reduction of aceta- 
zolamide action in metabolic acidosis but no ab- 
solute threshold (5). 

The explanations given for the reduction in re- 
sponse during metabolic acidosis are that a) a 
certain portion of the bicarbonate reabsorptive 
process in the renal tubule is normally not de- 
pendent on carbonic anhydrase activity, or that b) 
the importance of the enzyme in the reabsorptive 
process is in some way reduced by metabolic 
acidosis. 
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Public Health Service, and the American Heart As- 
sociation. 

2 This work was done during the tenure of an Estab- 
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3 This work was done during the tenure of a Lederle 
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In the present experiments the action of aceta- 
zolamide in dogs was studied at several dose levels 
and during varying degrees of metabolic acidosis. 
With each of the doses separate but similar curves 
were obtained demonstrating a diminishing effect 
of the drug on the reabsorptive process as plasma 
bicarbonate concentration was reduced. The two 
larger doses of acetazolamide reduced reabsorptive 
rates significantly even at the lowest plasma levels 
studied, thus suggesting that carbonic anhydrase 
activity is involved in the reabsorption of most, 
if not all, of the filtered bicarbonate. An attempt 
has been made to explain these findings in the 
light of classical Michaelis-Menten enzyme kinetics. 


MATERIAL AND METHODS 


Sixty-three experiments were performed on 47 fe- 
male mongrel dogs weighing from 9 to 15 Kg. Light 
general anesthesia was obtained by intravenous adminis- 
tration of morphine or sodium pentobarbital. Metabolic 
acidosis and the desired plasma levels of bicarbonate (5 
to 22 mEq. per L.) were achieved by infusion of ap- 
propriate amounts of HCl or by oral administration of 
NH,Cl. This was followed by continuous infusion of 
isotonic NaCl at a steady rate of 6.5 to 10 ml. per min- 
ute through a Bowman infusion pump. 

Urine was collected under neutral mineral oil through 
an inlying bladder catheter and the bladder was emptied 
by manual compression at the end of each collection 
period. 

The clearance of exogenous creatinine was used as a 
measure of glomerular filtration rate. Plasma and urine 
were analyzed for creatinine by a modification of the 
method of Bonsnes and Taussky (12) and for total CO, 
content by the manometric method of Van Slyke. Blood 
and urine pH were determined anaerobically at room 
temperature in a syringe-type Cambridge pH meter and 
corrected to 37° C. (using a correction factor of 0.01 
units per degree C.). Carbon dioxide tension in urine 
and blood was calculated from the Henderson-Hassel- 
balch equation, using a value of 6.1 for the pK, and a value 
for a in blood of 0.0301 and in urine of 0.0309. Bicar- 
bonate concentration was calculated as the difference be- 
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Comparative effects of 1 mg., 5 mg., and 20 mg. per Kg. of acetazolamide on bicarbonate excretion and reabsorption 


at similar plasma bicarbonate concentrations * 






































Urine 
HCO; 
Plasma reabs. 
HCO; HCO; mEq./100 ml, 
Time pCOz HCO; filt. excret. glomerular GFRT 
min, mm.Hg mEq./L. pH pEQq./min. nEgq./min. filtrate ml./min. 
Dog No. 165 Constant infusion of saline and creatinine 
0-10 40 13.9 5.07 1.357 1 1.46 93 
10-20 40 14.3 5.07 1,470 1 1.50 98 
20-22 Acetazolamide I.V. 20 mg./Kg. 
23-33 33 13.4 7.29 1,142 503 0.79 81 
33-43 32 13.0 7.29 1,055 434 0.81 77 
Dog No. 224 Constant infusion of saline and creatinine 
0-10 44 14.6 5.61 704 2 1:53 46 
10-20 45 14.6 5.70 689 2 1.53 45 
20-22 Acetazolamide I.V. 5 mg./Kg. 
23-31 37 14.2 7.25 581 133 1.15 39 
31-39 37 13.8 7.17 595 116 1.17 41 
Dog No. 190 Constant infusion of saline and creatinine 
0-10 38 13.9 6.52 1,153 26 1.43 79 
10-20 39 14.0 6.57 1,176 27 1.44 80 
20-22 Acetazolamide I.V. 1 mg./Kg. 
23-31 39 14.1 7.22 1,169 172 1.26 79 
31-39 38 13.8 7.09 1ti7 111 131 77 
* A Donnan factor of 1.05 was used in calculating filtered load. 
t Glomerular filtration rate. 
TABLE II 
Effects of 20 mg. and 5 mg. per Kg. of acetazolamide on bicarbonate excretion and reabsorption at 
low plasma bicarbonate concentrations * 
Urine 
HCO; 
Plasma reabs. 
HCO; HCO; mEq./100 ml. 
Time pCO:z HCO; filt. excret. glomerular GFRT 
min, mm. Hg mEq./L. pH pEgq./min. pEq./min. filtrate ml./min. 
Dog No. 233 Constant infusion of saline and creatinine 
0-10 33 7.1 5.18 368 1 0.75 49 
10-20 34 7.6 5.39 344 1 0.80 43 
20-21 Acetazolamide I.V. 20 mg./Kg. 
22-30 34 7.7 6.67 429 79 0.66 53 
30-38 36 7.9 6.58 382 61 0.70 46 
Dog No. 164 Constant infusion of saline and creatinine 
0-10 33 10.2 6.04 717 16 1.05 67 
10-20 33 10.2 6.07 717 13 1.05 67 
20-22 Acetazolamide 1.V. 20 mg./Kg. 
23-33 27 9.1 6.97 566 222 0.58 59 
33-43 28 9.3 6.94 608 182 0.69 62 
Dog No. 223 Constant infusion of saline and creatinine 
0-10 30 9.7 5.82 755 3 1.02 74 
10-20 30 10.5 5.84 781 3 1.10 71 
20-22 Acetazolamide I.V. 5 mg./Kg. 
23-31 29 10.4 7.31 730 141 0.88 67 
31-39 31 10.3 7.14 691 105 0.92 o+ 





* A Donnan factor of 1.05 was used in calculating filtered load. 


t Glomerular filtration rate. 








tween the total CO, content and the dissolved carbon 
dioxide. Filtered bicarbonate was taken as the product 
of the filtration rate and the plasma bicarbonate concen- 
tration, corrected for a Donnan factor of 1.05. 

Following at least two control periods of 8 to 10 min- 
utes each, the acetazolamide was injected intravenously 
over a period of one to two minutes. One minute after 
the end of the injection, two or three more urine periods 
of 6 to 10 minutes each were obtained. Three dosages 
of acetazolamide were used: one mg. per Kg. of body 
weight, 5 mg. per Kg., and 20 to 40 mg. per Kg. Since 
no difference of action was observed between 20 mg. per 
Kg. and 40 mg. per Kg., this dosage range was assumed 
to achieve virtually the same degree of carbonic anhy- 
drase inhibition. The acetazolamide solution was pre- 
pared by adding the powder to approximately 20 ml. of 
distilled water containing approximately 0.7 to 0.8 mEq. 
of alkali per 100 mg. of drug. 


RESULTS 


In every experiment with doses of 5 or 20 to 
40 mg. per Kg., acetazolamide produced a definite 
increase in bicarbonate excretion. The magnitude 
of this effect diminished with increasing metabolic 
acidosis, but remained significant even at the low- 
est plasma bicarbonate levels. On the other hand, 
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Fic. 1. RELATIONSHIP BETWEEN BICARBONATE REAB- 
SORPTION AND PLASMA BICARBONATE CONCENTRATION 
FoLLow1ING ADMINISTRATION OF INTRAVENOUS ACETAZOL- 
AMIDE 1 MG. PER Ka. 


Each point represents one experiment. The heavy line 
was drawn through the experimental points by inspec- 
tion. The thin line bisecting the graph represents the 
control reabsorption. In this and all subsequent figures 
the plasma levels have been corrected by a Donnan factor 
of 1.05. 
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FoLLOWING ADMINISTRATION OF INTRAVENOUS ACETAZOL- 
AMIDE 5 MG. PER KG. 


See Figure 1 for details. 


at any given plasma concentration, the higher the 
dosage of the drug the greater was the response. 
With 1 mg. per Kg. a significant effect on bi- 
carbonate excretion was observed at the higher 
plasma bicarbonate levels, but below 12 mEq. per 
L. the effects were negligible. Table I compares 
the effect of 20 mg., 5 mg., and 1 mg. per Kg. of 
acetazolamide on bicarbonate excretion and reab- 
sorption at a plasma bicarbonate level of ap- 
proximately 14 mEq. per L. It is apparent that 
the effect on bicarbonate reabsorption increased 
with the dose. That an effect could be clearly 
demonstrated even at low plasma levels is illus- 
trated by Table II, which summarizes the results 
of three experiments at plasma bicarbonate levels 
of 8 to 10 mEq. per L. In the first two experi- 
ments, a dose of 20 mg. per Kg. was used; in the 
other experiment, the dose was 5 mg. per Kg. It 
is clear that the administration of the drug was 
followed in each instance by a definite effect on 
both excretion and reabsorption. 

The relationship between the plasma bicarbo- 
nate level and the action of different doses of 
acetazolamide on bicarbonate reabsorption is sum- 
marized by Figures 1 to 3, which include all the 


experiments. On the abscissa of each graph is 


plotted plasma bicarbonate concentration and on 
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the ordinate is the minimum bicarbonate reabsorp- 
tion following acetazolamide injection, expressed 
as milliequivalents of bicarbonate per 100 milli- 
liters of glomerular filtrate.* This minimum reab- 
sorption usually occurred in the first collection pe- 
riod following the injection. The curves have 
been drawn through the points by inspection. The 
thin straight line bisecting each plot indicates 
reabsorption during the control period, when there 
is essentially complete removal of the filtered bi- 
carbonate. Thus the vertical distance between 
this line and each experimental point represents 
the magnitude of acetazolamide effect at each 
plasma level. 

The first fact apparent from these curves is 
that acetazolamide action diminishes as the plasma 
bicarbonate level is reduced. 

A second fact is that the different dosages of 
acetazolamide produce different curves of similar 
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AMIDE 20 To 40 MG. PER KG. 


See Figure 1 for details. 


Correction of the reabsorption rates to a standard 
glomerular filtration rate is assumed to correct for differ- 
ences in renal mass between different animals. In indi- 
vidual animals the changes in glomerular {ltration rate 
following the injection of acetazolamide were usually 
negligible. The mean per cent change from the average 
control rate, without regard to sign, was 7.9+ 5.5, 80+ 
6.1, and 8.5 + 8.0 for the 1, 5, and 20 to 40 mg. experi- 
ments, respectively. 
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Fic. 4. RELATIONSHIP BETWEEN BICARBONATE REAB- 
SORPTION AND PLASMA BICARBONATE CONCENTRATION 
WITH THREE DIFFERENT Doses OF ACETAZOLAMIDE 


The heavy lines from Figures 1 to 3 are plotted to- 
gether on this graph. 


ghape. This is illustrated by Figure 4 which 
compares the action of 1 mg., 5 mg., and 20 to 40 
mg. of acetazolamide per Kg. of body weight on 
bicarbonate reabsorption. 

It can also be seen that at plasma bicarbonate 
levels below 12 mEq. per L., 1 mg. per Kg. seems 
to have no significant effect on reabsorption. 

Plasma pCO, was generally lower during se- 
vere acidosis, but respiratory compensation was 
negligible except with very severe acidosis, prob- 
ably because of the anesthesia. Figure 5 shows 
the scatter of the plasma pCO, values in relation 
to plasma bicarbonate levels. There is a slight 
tendency for the pCO, values to fall with increas- 
ing acidosis, but this trend produces appreciable 
reductions in pCO, only at plasma bicarbonate 
levels below 12 mEq. per L. At each plasma bi- 
carbonate level there is a wide and apparently 
random scatter of pCO, values with respect to 
acetazolamide dosage. No significant changes in 
plasma pCO, were produced by administration of 
acetazolamide. 


DISCUSSION 


The data summarized in Figure 4 show that 
with three different doses of acetazolamide and 
over a wide range of plasma bicarbonate concen- 
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Fic. 5. RELATIONSHIP BETWEEN PLasMaA CO, TEN- 
SION AND BICARBONATE CONCENTRATION FOR ALL Ex- 
PERIMENTS 


Each point represents one experiment. 


tration there is a progressively greater inhibitory 
effect on bicarbonate reabsorption. With doses of 
5 and 20 to 40 mg. per Kg. acetazolamide sig- 
nificantly affects bicarbonate reabsorption even at 
plasma bicarbonate levels as low as 5 to 10 mEq. 
per L. The effect of 1 mg. per Kg. becomes 
negligible at a bicarbonate concentration of about 
12 mEq. per L. If the only action of acetazol- 
amide, at the doses used, is to partially inhibit 
carbonic anhydrase activity, it would seem to fol- 
low from these observations that carbonic anhy- 
drase is normally involved in the reabsorptive 
mechanism for most of the filtered bicarbonate. 
Stated differently, it would appear that there can 
be only a small fraction of the filtered bicarbonate 
which is reabsorbed without the participation of 
the enzyme. If the above considerations are valid 
then the reabsorptive rates shown in Figures 1 to 
4 would seem to be a function of residual enzyme 
activity after partial inhibition by acetazolamide. 

No obvious explanation of the relationship be- 
tween plasma bicarbonate concentration and _ bi- 
carbonate reabsorption is at hand, but a tenta- 
tive hypothesis may be offered. Assuming that the 
reabsorption of bicarbonate after administration of 
acetazolamide is dependent on enzyme activity, 
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then the fact that three different curves are ob- 
tained with three different doses of inhibitor would 
suggest that in each instance the enzymatic reac- 
tion is the rate-limiting step in the overall process 
leading to bicarbonate reabsorption. If this were 
so, classical Michaelis-Menten enzyme kinetics 
might provide an approximate overall description 
of the reabsorptive process. To test the applica- 
bility of the Michaelis-Menten analysis in this situ- 
ation, however, it is necessary to make several 
assumptions which would permit the use of the 
available data as terms in the kinetic equation. 
It is recognized that the validity of these assump- 
tions may be questioned, but it is considered of in- 
terest to determine whether a unifying theory 
might be derived which could provide an adequate 
explanation for the data. For this purpose the 
following assumptions were made: 

1. The bicarbonate in the tubular fluid is con- 
sidered to be in effect the substrate for the enzyme. 
This could be true even if the actual substrate 
were some other intermediate compound formed 
in a series of rapid reactions leading to the re- 
moval of bicarbonate from the filtrate, because 
the concentration of this substrate could be some 
direct linear function of the bicarbonate concen- 
tration in the tubular fluid. 

2. Because of the constant supply of substrate 
from the filtrate and the constant rapid removal 
of the reaction products, it is assumed that at any 
given point along the tubule there is no change 
in the concentration of the enzyme-substrate com- 
plex from moment to moment. The concentration 
of this complex determines the reaction velocity, 
and it would therefore follow that the observed 
reabsorption rates represent a steady-state con- 
dition. 

3. In this application of the Michaelis-Menten 
analysis to the tubule as a whole, it has been as- 
sumed, finally, that the filtrate bicarbonate con- 
centration is equal to, or is some direct and con- 
stant function of, the mean tubular bicarbonate 
concentration for the overall reabsorptive process.° 


5 One mechanism which might nearly satisfy the con- 
ditions of this assumption is suggested by micropuncture 
studies in Necturus. These indicate that the bicarbonate 
concentration remains constant throughout the proximal 
tubule (13). In the dog, this would mean that at least 
80 per cent of the reabsorptive process occurs at a con- 
stant concentration. Obviously, if the urine is alkalinized 
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In the replotting of the experimental data, the 
Lineweaver-Burk modification of the Michaelis- 
Menten equation was used: 








Venes ® ‘ , 
1h v= a (Michaelis-Menten) 
1 1 Kn ‘ 
2) rd + i (1/s) (Lineweaver-Burk), 
where 


v = The steady-state velocity of the reac- 
tion (bicarbonate reabsorption per 100 
ml. glomerular filtrate) 


s = The substrate concentration (bicarbo- 
nate concentration per 100 ml. of fil- 
trate) 


Vmax = The maximum velocity of the reaction 
(a constant for any given amount of 
enzyme) 


K,, = The Michaelis constant for the en- 
zyme, which has the dimension of a 
concentration. 


Figure 6 shows the experimental data replotted 
according to equation 2) with 1/v as the ordinate 
and 1/s as the abscissa. In this figure the six 
lowest points with 1 mg. per Kg. are omitted, 
since (Figure 1) they do not differ significantly 
from the straight line representing complete reab- 
sorption, and since Michaelis-Menten kinetics only 
apply to situations in which enzyme is rate-limit- 
ing. With only 1 mg. per Kg. of inhibitor there 
apparently is enough residual enzyme activity to 
make the substrate the limiting factor when bicar- 
bonate concentration drops below 10 to 12 mEq. 
per L. 

The regression equations for the three lines in- 
dicated on the figure were calculated by the method 
of least squares. For 1 mg. per Kg. the equation 
is: y= 0.26 + 0.74x (r = 0.91); for 5 mg. per 
Kg. it is: y= 0.32 + 0.85x (r = 0.98) ; and for 
20 to 40 mg. per Kg., y=0.33 + 1.14x (r= 
0.98). It is apparent that each set of experimental 
points closely fits the straight line predicted by 
equation 2). The slope of the lines increases with 
the dose of inhibitor used. This type of plot, with 


or acidified in the distal fifth of the tubule, this would 
result in some discrepancy between the filtrate concen- 
tration and the actual mean. For the purpose of this 
analysis, it is assumed that any such discrepancy would 
not be critical, 
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Fic. 6. RELATIONSHIP BETWEEN THE RECIPROCAL OF 
THE BICARBONATE REABSORPTION RATE AND THE RE- 
CIPROCAL OF THE PLASMA BICARBONATE CONCENTRATION 
(LINEWEAVER-BuRK MOpDIFICATION OF THE MICHAELIS- 
MENTEN Eguation) 


The lines through each of the three sets of data were 
calculated by the method of least squares. 


increasing doses of acetazolamide yielding distinct 
straight lines of increasing slope, is characteristic 
of the effect of an enzyme inhibitor on the rate of 
an enzyme-limited process. 

Intersection of the lines on the abscissa is char- 
acteristic of noncompetitive inhibition, while in- 
tersection on the ordinate is typical of competitive 
inhibition. In Figure 6 it is apparent that the 
three intercepts on both axes are so close together 
that it is impossible to distinguish between these 
two types of inhibition. Recent in vitro studies 
indicate that sulfanilamide is a noncompetitive in- 
hibitor of carbonic anhydrase (14), but the pres- 
ent data do not permit any firm conclusion about 
the exact type of inhibition produced by acetazol- 
amide in vivo. 

Different values of Vinax for the uninhibited sys- 
tem can be calculated from the present data, de- 
pending upon the type of inhibition assumed. 
The calculation is made below for both types: 

In noncompetitive inhibition, K,, is unaffected 
by the presence of the inhibitor, but Vmax is de- 
creased by a factor which is proportional to the 
concentration of the inhibitor. The Lineweaver- 
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Burk equation for this type of inhibition is: 


1 I 1 Oo ! 
Det vc te) - 
where I = Concentration of inhibitor, K; = Dis- 
sociation constant for the enzyme-inhibitor com- 
plex. 

In equation 3, the intercept on the 1/s axis is 
—1/K,. Estimated from Figure 6, Ky has a 
value of approximately 2.9 mEq. per 100 ml. 

From this value of K,, it is possible to obtain 
a minimum estimate of the in vivo Vmax for the 
uninhibited enzyme, since K,, is the concentra- 
tion of substrate at which v equals Vimax/2. At 
29 mEq. per L., or for that matter at all plasma 
levels above 25 mEq. per L., the normal reab- 
sorptive rate is approximately 2.5 mEq. per minute 
per 100 ml. glomerular filtrate (1). It follows 
that the value of Vmax for the uninhibted enzyme 
in vivo would be at least 5.0 mEq. per 100 ml. 
glomerular filtrate. 

On the other hand, if Figure 6 is interpreted 
as indicating competitive inhibition, Vmax can be 
calculated from the Lineweaver-Burk equation for 
this type of inhibition: 

1 1 


5 oat. 0 











(K. + Sst) 1 1 


K; (s) | ae : 


Estimated as the reciprocal of the intercept 
on the y axis, the mean value of Vmax calculated 
from the regression equations of Figure 6 would 
thus be 3.4 mEq. per 100 ml. glomerular filtrate. 

Assuming either type of inhibition, the data 
thus suggest that the normal maximal rate of bi- 
carbonate reabsorption of approximately 2.5 
mEq. per 100 ml. glomerular filtrate is less than 
the maximal rate at which the carbonic anhydrase 
reaction could proceed. It is, therefore, tentatively 
proposed that the kinetic limitations of this enzyme 
are not responsible for the establishment of the 
normal bicarbonate threshold. 

The data are consistent with the hypothesis that 
at plasma bicarbonate levels below the usual thresh- 
old, partial inhibition of carbonic anhydrase makes 
enzyme activity the rate-limiting step in the 
process of bicarbonate reabsorption. Under these 
conditions the overall process of reabsorption ap- 
pears to follow the Michaelis-Menten relationship 
in a consistent fashion. It is evident that normally, 
in the absence of an inhibitor, the reabsorptive 


process is virtually complete at all plasma levels 
below 25 mEq. per L. In other words, substrate 
presentation (filtered bicarbonate) and the velocity 
of the reaction (bicarbonate reabsorption) bear 
a linear relationship to each other at subthreshold 
levels. This would suggest that in the absence of 
an inhibitor the enzymatic reaction is not the 
rate-limiting step. Some other process, in all like- 
lihood the filtration of bicarbonate, probably limits 
the rate of presentation of substrate to the enzyme. 

While the behavior of the system under study 
apparently can be described in terms of enzyme 
kinetics, it is obvious that many other factors 
might influence it. Changes in cellular potassium 
content as well as marked alterations in pCO, are 
known to affect bicarbonate reabsorption. The 
mechanisms through which these influences oper- 
ate are not clarified by this study, but the present 
observations may provide a reasonable framework 
for further investigations of these problems. 


SUMMARY 


The effects on renal bicarbonate reabsorption 
of 1, 5, and 20 to 40 mg. per Kg. of acetazolamide 
have been studied in acidotic dogs whose plasma 
bicarbonate concentrations ranged from 5 to 22 
mEq. per L. With each of the doses separate but 
similar curves were obtained demonstrating a 
diminishing effect of the drug on the reabsorptive 
process as plasma bicarbonate concentration was 
reduced. The two larger doses of acetazolamide 
reduced reabsorptive rates significantly even at 
the lowest plasma levels studied, thus suggesting 
that carbonic anhydrase activity is involved in the 
reabsorption of most, if not all, of the filtered bi- 
carbonate. An attempt has been made to explain 
these findings in the light of classical Michaelis- 
Menten enzyme kinetics. 
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COMPARATIVE STUDY OF GLUCOSE AND FRUCTOSE METABO- 
LISM IN INFANTS WITH REFERENCE TO UTILIZATION 
AND TO THE ACCUMULATION OF GLYCOLYTIC 
INTERMEDIATES? 


By ROBERT KAYE, MARGARET L. WILLIAMS, ann GIULIO BARBERO 
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A number of studies of the comparative utiliza- 
tion? of intravenously administered glucose and 
fructose have been carried out in adults (1-4). 
The results have almost uniformly favored fruc- 
tose, but have been concerned for the most part 
with infusions which were of short duration and 
quantitatively inadequate from the standpoint of 
caloric maintenance. The caloric equivalents of 
the differences in the excretion of the sugars were 
clinically insignificant. 

Comparative utilization studies involving 
amounts of carbohydrate adequate for the pro- 
vision of caloric maintenance have been carried 
out by Strub, Best, Consolazio, and Grossman 
(4) and by Jonxis and Huisman (5). The former 
group administered fructose and invert sugar 
(equal parts of glucose and fructose) in 300 Gm. 
quantities over a period of three hours and ob- 
served approximately 95 per cent retention in both 
cases. Jonxis and Huisman, who carried out the 
only study previously reported in children, were 
unable to elicit any difference in utilization of glu- 
cose and invert sugar. However, the rate of car- 
bohydrate administration employed in their ex- 
periments, which were of 24 hours duration, was 
sufficiently slow to permit essentially complete 
utilization of both sugars. . 

In conflict with the consensus of a large num- 
ber of studies, Beal, Smith, and Frost (6) have 
found fructose losses in the urine to exceed those 
of glucose. These authors have explained the 
discrepancy between their results and those of 
others on the basis of a delayed excretion of fruc- 


1 This work was supported by grants from the National 
Institutes of Health and the Mead Johnson Company. 

2 The term “utilized” is used to denote the difference 
between carbohydrate input and renal excretion during 
the duration of the study period. 


tose following completion of the infusion and re- 
turn of the blood level to normal. 

The importance of parenteral alimentation in 
infants suggested that a comparative study of the 
utilization of glucose and fructose in this age 
group would be of value. The present study was 
designed to carry out the comparison at a level of 
intake which would provide sufficient calories for 
caloric maintenance. 

The rates of administration were selected a) to 
determine whether fructose utilization equals the 
maximum generally considered to obtain for glu- 
cose (1 Gm. per Kg. per hour) (7) and b) to 
compare utilization of the two sugars when ad- 
ministered at rates in excess of the infants’ capacity 
for relatively complete glucose utilization (2 Gm. 
per Kg. per hour). 

The appearance of certain disadvantageous side 
effects during the course of fructose infusions at 
the more rapid rate, and several reports from other 
laboratories of the development of acidosis with 
fructose administration (8, 9) lead to investigation 
of the attendant acid-base changes. A further 
study was carried out to compare the extent of ac- 
cumulation of certain acid metabolites and the 
magnitude of the acid-base disturbance which re- 
sults from the rapid infusion of glucose and fruc- 
tose. The data derived from this study have bear- 
ing on the clinical use of these two carbohydrates. 


MATERIALS AND METHODS 


Studies on utilization. Eleven male infants convales- 
cent from neurosurgical procedures were used as sub- 
jects. Their average age was 6.4 months (range, 2 to 16 
months) and their weight averaged 7.2 Kg., (range, 5.4 
to 10 Kg.). They were divided into two groups. Group 
A consisted of three individuals given infusions of each 
of the carbohydrates at a rate of approximately 1.0 Gm. 
per Kg. per hour. Group B consisted of eight subjects 
who received a total of 17 hexose infusions at a rate 
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TABLE I 


Composition of solutions 














Fructose Glucose 
Hexose Gm./100 ml. 5.0 12 10.1 $4 42 10.1 
Na mEq./L. 33.5 33.5 33.0 33.5 33.0 32.5 
K mEq./L. 17.0 16.7 16.7 17.4 17.2 17.0 
Cl mEq./L. 42.7 44.4 44.4 44.4 42.7 42.7 
Phosphate mM/L. 5.9 6.0 6.0 5.0 6.0 5.9 
pH 4.30 4.30 4.30 4.35 4.45 4.45 





of 2.0 Gm. per Kg. per hour. With the exception of one 
subject who received three infusions, one of glucose and 
two of fructose, all were given one infusion of each of 
the carbohydrates, with the initial carbohydrate random- 
ized. The glucose and fructose were infused on different 
days with the subject in equivalently good states of hy- 
dration on both days. 

The solutions were administered at a rate of approxi- 
mately 25 ml. per Kg. per hour for a period of six hours 
except for the experiments on Subjects 3 and 10, which 
were of four hours duration. A positive pressure pump 
was used to secure a uniform rate of administration. 
The solutions, whose compositions are given in Table I, 
were prepared by the Mead Johnson Research Labora- 
tories. They were designed to provide constant amounts 
of water and electrolytes and increasing hexose con- 
centrations of 5.0, 7.15, and 10.0 Gm. per 100 ml. 

Observations of pulse, respiratory rate, and liver size 
were made at intervals of two hours. 

Analyses of the blood were carried out prior to the 
infusion for the hematocrit and concentrations of glu- 
cose and fructose, sodium and potassium. Carbohy- 
drate analyses were repeated at intervals of two hours 
during the infusion and one hour after its completion. 
Final determinations of sodium and potassium and of the 
hematocrit were performed at the end of the infusion. 
Glucose and hematocrit determinations were done on 
capillary blood. The other analyses were done on serum 
obtained from venous blood. The methods used were 
the Nelson modification of the Somogyi method for total 
reducing substance (10), Schreiner’s modification of the 
Roe method for fructose (11), and flame photometry 
for sodium and potassium. 

Complete urine collections were obtained. Separate 
analyses were carried out on aliquots of the collections at 
two hourly intervals during the infusion, at one hour post- 
infusion and finally for an additional four to eight hours. 
Urine was analyzed for glucose and fructose, sodium, 
potassium and specific gravity. 

The quantity of carbohydrate excreted in the urine fol- 
lowing the first postinfusion hour was negligible in all 
cases and was therefore omitted from the calculations. 
This finding is at variance with the observations of Beal, 
Smith, and Frost (6). 

Study of acid-base changes. The experimental group 
here consisted of 15 hospital in-patients who were con- 
valescent from a variety of diseases. They ranged in age 
from 11 weeks to 2 years and in weight from 5.3 to 12.7 


Kg. Seven subjects received intravenous infusions of a 
10 per cent fructose solution with electrolytes at a rate 
of 2 Gm. per Kg. per hour and eight subjects received a 
glucose solution of similar electrolyte concentration at 
the same rate. The duration of the infusion was six 
hours except for two fructose studies which were limited 
to four hours because of obvious evidence of progressive 
acidosis. 

The infused solutions were similar to the 10 per cent 
hexose solutions of the first experiments, except that they 
contained somewhat less chloride (approximately 35 mEq. 
per L.). The infusion technique was the same but blood 
sampling in these experiments was done through an in- 
dwelling Cournand needle which was placed in the fe- 
moral artery or vein 15 to 30 minutes before the start 
of the infusion, thus avoiding struggling during the sam- 
pling which might have elevated lactate and pyruvate 
concentrations in the blood. Samples were taken prior 
to the start, at the fourth hour, and at the end (sixth 
hour) of the infusion and the following studies were 
done: whole blood pH by a Cambridge pH meter, whole 
blood carbon dioxide by the technique of Van Slyke and 
Neill (12), plasma sodium and potassium by flame pho- 
tometry, plasma chloride by the method of Schales and 
Schales (13), whole blood lactate by the procedure of 
Barker and Summerson (14), and whole blood pyruvate 
by the direct method of Friedemann and Haugen (15) 
which measures total keto acids rather than pyruvate 
alone. 

A total urine collection was made for the period of the 
infusion plus the following hour and kept at a pH of ap- 
proximately 1.0 in ice. The urine was analyzed for so- 
dium, potassium, lactate, pyruvate and total reducing 
substance by the methods used above and for fructose by 
the Roe method as modified by Higashi and Peters (16). 


RESULTS 
Studies on utilization 


The rate of infusion of the subjects in Group A 
(Table II) averaged 1.07 Gm. per Kg. per hour 
(range, 0.89 to 1.22) and 1.06 (range, 0.81 to 
1.30) for glucose and fructose, respectively. In 
these experiments, the retention of both sugars 
was essentially complete and equal as indicated by 
the fact that only 1.6 per cent and 3.6 per cent of 
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TABLE II 
Balance data during hexose infusions—Group A 




















Water Hexose Na K 
Infusion ml. Gm. mEq. mEq. 
Subject yg Glucose Fructose Glucose Fructose Glucose Fructose Glucose Fructose 
Subj. 1 (Fe) 6 Intake 
age, 7 mo. perKg. /hr. 21.4 16.0 1.09 0.81 0.72 0.54 0.37 = 0.27 
wt., 7.7 Kg. total 990 740 50.4 37.3 33.2 24.8 17.2 12.6 
Output 826 400 0.3 0.9 22.0 2.7 12.2 10.4 
Retention 164 340 50.1 36.4 42. Zot 5.0 2.2 
% Excreted 83.4 54.0 0.6 2.4 66.3 10.9 70.9 82.5 
Subj. 2 (Fu) 6 Intake 
age, 7 mo. per Kg./hr. 17.5 21.0 0.89 1.06 0.58 0.70 0.30 0.36 
wt., 8.8 Kg. total 923 1,111 47.0 56.0 30.9 37.2 16.1 18.9 
Output 863 730 1.5 2.4 11.0 22.7 7.1 7.7 
Retention 60 381 45.5 53.6 19.9 14.5 9.0 11.2 
% Excreted 93.5 65.7 3.2 4.3 35.6 61.0 44.1 40.7 
Subj. 3 (Re) 4 Intake 
age, 4 mo. per Kg./hr. 23.9 25.8 1.22 1.30 0.80 0.86 0.42 0.44 
wt., 7.2 Kg. total 690 743 35.1 37.4 23.1 24.9 12.0 12.6 
Output 515 590 0.4 1.5 24 11.8 4.4 6.3 
Retention 175 153 34.7 35.9 20.7 13.1 7.6 6.3 
% Excreted 74.6 79.4 1.1 4.0 10.4 47.4 36.7 50.0 
Average Intake 
per Kg./hr. 20.9 20.9 1.07 1.06 0.70 0.70 0.36 = 0.36 
% Excreted 83.8 66.4 1.6 3.6 37.4 39.8 50.6 57.7 





the infused carbohydrates were excreted in the 
glucose and fructose experiments, respectively. 
No noteworthy differences were seen in the excre- 
tions of water, sodium and potassium in relation 
to the sugar infused. 

The infusions administered to the eight subjects 
in Group B (Table III) were carried out at a 
rate known to exceed the infants’ capacity for es- 


able circumstances were created thereby for the 
possible demonstration of a greater capacity for 
fructose utilization. The average percentage of 
the hexose intake excreted in the urine in the 
glucose experiments, 20.0 per cent, was signifi- 
cantly greater than that of the fructose experi- 
ments, 9.9 per cent (p < 0.02). The average so- 
dium excretion associated with glucose infusion 








sentially complete utilization of glucose. Favor- was 79 per cent of the intake, which is significantly 
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TABLE III 
Balance data during hexose infusions—Group B 
Water Hexose Na K 
— ml, Gm. mEq. mEq. 
Subject ins. Glucose Fructose Glucose Fructose Glucose Fructose Glucose Fructose 
Subj. 4 (Ha) 6 Intake 
age, 6 mo. per Kg./hr. 21.8 20.1 1.57 1.44 0.72 0.67 0.37 = 0.33 
wt., 8.5 Kg. total 1,111 1,024 80.2 73.6 36.7 34.3 194. 17a 
Output 841 776 15.6 5.9 29.5 24.8 11.9 8.5 
Retention 270 248 64.6 67.7 7.2 9.5 7.2 8.6 
% Excreted 75.7 75.8 19.4 8.0 80.4 72.3 62.3 49.7 
Subj. 5 (Ch) 6 Intake 
age, 3 mo. per Kg./hr. 215 27.2 1.98 1.96 0.91 0.91 0.47 0.45 
wt., 6.5 Kg. total 1,072 1,063 774 764 35.4 35.6 18.4 17.7 
Output 930 929 12.1 8.6 25.6 50.2 132.:) 1147 
Retention 142 134 65.3 67.8 9.8 —14.6 y 6.0 
% Excreted 86.7 87.4 15.6 11.2 72.3 141.0 60.9 66.1 
Subj. 6 (Gr) 6 Intake 
age, 9 mo. per Kg. /hr. 30.5 30.0 2.20 2.16 1.00 1.00 0.52 0.50 
wt., 5.8 Kg. total 1,062 1,045 161. 0A 35.0 35.0 1835. 17:4 
Output 892 878 20.5 10.0 31.5 42.1 9.3 8.8 
Retention 170 167 56.2 65.1 3.5  —7.1 9.0 8.6 
% Excreted 84.0 84.0 26:7. 43; 90.0 120.3 50.8 50.6 
Subj. 7 (Ro) 6 Intake 
age, 5 mo. per Kg./hr. 21.7 22.3 1.57 1.60 0.72 0.74 0.37 = 0.37 
wt., 5.7 Kg. total 744 762 53.7 54.8 24.5 25.5 127.8 42.7 
Output 498 672 1.9 4.1 14:5 36.1 4.9 7.6 
Retention 246 90 51.8 50.7 13.0 —10.6 7.9 5.1 
% Excreted 66.9 88.2 3.5 7.5 46.9 141.6 38.3 59.8 
Subj. 8 (Ba) 6 Intake 
age, 5 mo. per Kg./hr. 27.1 25.7 1.96 1.85 0.89 0.86 0.47 «0.43 
wt., 6.4 Kg. total 1,042 989 (oa, @3 34.4 33.1 17.9 16.5 
Output 873 825 17.4 5.5 29.4 34.1 9.6 6.8 
Retention 169 164 57.8 65.6 5.0 —1.0 8.3 9.7 
% Excreted 83.8 83.4 23.1 YB 85.5 103.0 53.6 41.2 
Subj. 9 (Ch) 6 Intake 
age, 15 mo. per Kg./hr. 25.1 25.1 1.81 1.80 0.83 0.84 0.43 0.42 
wt., 9.7 Kg. total 1,459 1,459 105.3 104.9 48.1 48.9 25.1 24.4 
Output 1,035 1,108 23.1 5.7 29.4 55.5 14.6 20.3 
Retention 424 351 81.8 99.2 18.7 —6.6 10.5 4.1 
% Excreted 70.9 75.9 22.5 5.4 61.1 113.5 58.2 83.2 
Subj. 10 (Ke) 4 Intake 
age, 2 mo. per Kg./hr. 23.4 23.3 2.37 = 2.36 0.76 0.77 0.40 0.39 
wt., 5.4 Kg. total 506 504 Sis: 520 16.4 16.6 8.6 8.4 
Output 400 333 9.3 7.8 14.1 24.9 1.9 BI 
Retention 106 171 42.0 43.2 2.3 —8.3 6.7 4.7 
% Excreted 79.0 66.1 18.1 15.3 86.0 150.0 22.1 44.0 
Subj. 11 (Li) 6 Intake 
age, 7 mo. per Kg./hr. 22.3 25.7 2.26 2.60 0.72 0.85 0.38 80.43 
wt., 6.7 Kg. total 1,018 1,033 103.2 104.6 33.1 34.1 7.3) 1732 
Output 858 873 31.8 11.1 36.4 58.6 13.6 12.8 
Retention 160 160 71.4 93.2 —3.3 —24.5 3.7 4.4 
% Excreted 84.3 84.5 30.8 10.6 110.0 171.8 78.6 74.4 
Subj. 12 (Ch) 6 Intake 
age, 16 mo. per Kg./hr. 25.6 2.59 0.84 0.43 
wt., 10.0 Kg. total 1,534 155.4 50.6 25.6 
Output 1,101 24.2 91.4 18.8 
Retention 433 131.2 —40.8 6.8 
% Excreted 71.8 15.6 180.6 73.4 
Average* Intake 
age, 6.5 mo. per Kg./hr. 24.9 24.9 1.96 1.97 0.82 0.83 0.43 0.41 
Wt., 6.8 Kg. p>0.9 p>0.8 p>0o.5 p>0.3 
% Excreted 78.9 80.7 20.0 9.87t 79.0 126.7f 53.1 58.6 
p>0.6 p<0.02 p<0.01 p>0.3 





* Averages excluding Subject 12. 


t Significant differences. 
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lower than that noted with fructose, 127 per cent 
(p < 0.01). 

There were no significant differences related 
to the sugar infused in the intakes of water, so- 
dium, potassium and hexose, nor in the percent- 
ages of the potassium and water intakes excreted 
in the urine. 

The average blood levels for glucose and fruc- 
tose at two hourly intervals during infusion and 
one hour postinfusion are illustrated in Figure 1. 
In agreement with the findings of other observers 
(1, 3) levels of total reducing substance were 
found to be significantly higher during glucose in- 
fusion. The concentrations tended to fall during 
the course of infusion of both sugars although the 
tendency was more marked in the case of fructose 
and especially so at the higher rate of infusion. 

The only significant alteration in blood electro- 
lytes was noted in the fructose infusions in Group 
B and consisted of a fall in serum sodium from 
a mean initial level of 149 to a final level of 140 
mEq. per L. This finding correlates with the 
negative sodium balance noted in these subjects. 
Variations in hematocrit were without significance 
in either group. 

No significant alterations in pulse and respira- 
tory rates and liver size were noted during the in- 
fusions to the subjects in Group A. The average 
values for these measurements at the start and end 
of the infusions administered to the subjects in 
Group B are given in Table IV. Statistically sig- 
nificant changes were noted in all three only 
during the fructose infusion. The alterations ob- 
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served were attributed to differences in the metabo- 
lism of fructose, because the rates of administra- 
tion of water, electrolytes and carbohydrates were 
the same in the experiments with both sugars. 

During the latter part of a fructose infusion in 
Subject 12, administered at the very rapid rate of 
2.59 Gm. per Kg. per hour, marked hyperventila- 
tion, tachycardia, pallor and mottling appeared. 
Blood was drawn in an effort to determine whether 
this reaction was the result of circulatory or meta- 
bolic causes. The pH of venous blood was found 
to be 6.85 and the CO, content 5.5 mM per L. 
One hour after termination of the infusion, the 
levels had increased to 7.02 and 13 mM per L., 
respectively, coincident with marked improvement 
in the patient’s condition. Because of the severity 
of the disturbance accompanying rapid fructose in- 
fusion in this subject, it did not seem justifiable to 
subject him to further study by administering a 
comparable glucose infusion. Nevertheless, the 
possibility suggested itself that the significant 
rises in pulse and respiratory rate which occurred 
only during fructose infusion might reflect the 
presence of a similar metabolic acidosis in the 
group of subjects infused, at a rapid rate, with 
this carbohydrate. Further investigation, bearing 
on this question, was undertaken. 


Study of acid-base changes 


Complete data on the blood levels found and dif- 
ferences existing between initial and final blood 
levels in each subject studied are recorded in 


TABLE IV 
Pulse and respiration rates and liver size at beginning and end of infusion—Subjects in Group B 
































Pulse rate Respiratory rate Liver size* 

Glucose Fructose Glucose Fructose Glucose Fructose 

Subject It Ft I F I F I F I F I F 
4 150 124 90 124 3258 3.0 2.0 2.0 2.0 
5 98 106 110 160 360 36 36044 2.0 2.0 0 2.0 
6 122 132 144 159 24 32 38 = 38 1.0 2.0 1.0 3.0 
7 140 §=132 140 144 36028 50 70 lo. 6bS 2.0 3.0 
8 120 §©120 128 128 40 30 36 = 64 2.0 2.0 2.0 3.0 
9 124 120 146 8152 40 28 32 32 2.5 3.0 0.5 4.5 
10 160 200 128 160 28 ae 32 «48 0 1.5 1.0 3.0 
11 120 =160 156 §=6160 36 640 32 42 2.0 2.5 2.0 3.5 
Mean 129 = 137 130 =: 148 34 32 36 = 49 47) 2A 1.3 3.0 

p >0.3 <0.05 >0.7 <0.01 >0.2 <0:01 





* Measured as cm. palpable below costal margin at midclavicular line. 
t Initial. 
t Final. 
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TABLE V 


Blood analyses during hexose infusion 











Time COz Na K Cl Lactate Pyruvate 
Subject hrs. pH mEq./L. mEq./L. mEq./L. mEq./L. mEq./L. mEq./L. 
Fructose infusion 

R. Ro. 0 7.30 18.3 136 5:8 104 1.4 0.2 
1 4 7.29 14.6 130 | 102 3.8 0.3 
A —0.01 —3.7 —6 +0.4 —2 2.4 0.1 
V. Lo. 0 7.33 18.8 140 4.6 105 15 0.2 
Z 4 7.12 9.1 119 S57 104 6.7 0.5 
6 7.11 7.9 125 6.5 101 7.0 0.5 
A —0.22 —10.9 —15 +1.9 —4 5.5 0.3 
L. GI. 0 7.38 19.4 141 5.0 104 1.4 0.1 
3 + 7.28 14.9 131 6.5 102 3.5 0.3 
6 7.24 14.6 126 6.2 103 4.3 0.4 
A —0.14 —4.8 —15 +1.2 —1 Zo 0.3 
R. Or. 0 7.31 18.7 139 4.3 107 1.4 0.2 
+ 6 7.20 13.0 124 5.7 0.4 
A —0.11 —5.7 —15 4.3 0.2 
R. Ze. 0 7.41 18.2 135 4.8 101 1.6 0.2 
5 4 7.29 11.6 118 4.7 98 6.4 0.5 
A —0.12 —6.6 -17 —0.1 —3 4.8 0.3 
D. La. 0 7.42 19.1 140 4.8 104 1.4 0.2 
6 4 7.32 12:5 129 5.0 101 6.0 0.4 
6 7.28 11.5 121 4.7 99 5.4 0.5 
A —0.14 —7.6 —19 —0.1 —5 4.0 0.3 
R. Ma. 0 7.35 19.3 140 101 1.4 0.2 
7 + 7.25 11.9 135 4.4 102 5.4 0.3 
6 7.21 10.5 129 4.8 100 5.2 0.3 
A —0.14 —8.8 —11 -—1 3.8 0.1 

m —6.8 —14 +0.66 —2.7 3.96 0.24 

Glucose infusion 

D. Ga. 0 7.38 19.1 137 4.2 103 1.2 0.2 
1 4 7.29 19.9 132 3.8 100 2.8 0.3 
6 7.32 22.6 133 4.6 100 3.9 0.4 
A —0.06 +3.5 —4 +0.4 —3 2.7 0.2 
P. Ya, 0 7.36 17.8 137 4.6 100 1.0 0.2 
2 4 7.38 15.8 128 4.2 99 2.1 0.3 
6 7.38 17.0 126 4.0 98 pe 0.3 
A +0.02 —0.8 —i1 —0.6 —2 12 +0.1 
L. Hi. 0 7.39 18.5 137 Ss 100 22 0.2 
3 + 7.38 16.5 134 4.7 98 4.1 0.4 
6 7.37 15.7 131 4.8 101 3.9 0.4 
A —0.02 —2.8 —6 —0.5 +1 2.7 0.2 
J. Ga. 0 7.40 19.0 138 3.8 103 1.5 0.2 
4 4 7.37 18.6 129 3.8 99 2.3 0.2 
6 7.36 18.9 126 3.9 100 29) 0.3 
A —0.04 —0.1 —12 +0.1 -—3 1.4 0.1 
D. Da. 0 7.40 19.3 139 101 1.4 0.2 
5 6 7.37 18.2 135 5.4 101 ye | 0.3 
A —0.03 —-1.1 —4 0 0.7 0.1 
R. Pr. 0 7.40 19.3 139 3.9 102 1.4 0.1 
6 4 7.37 19.1 137 3.8 102 3.8 0.3 
6 7.38 18.5 135 3.7 103 3.9 0.3 
A —0.02 —0.8 —4 —0.2 +1 25 0.2 
E. Ca. 0 7.41 19.1 137 103 1.4 0.1 
7 + 7.37 18.5 135 101 ye 0.2 
6 7.40 18.7 131 3.7 101 2.2 0.2 
A —0.01 —0.4 —6 —2 0.8 0.1 

m —0.02 —0.4 —6.7 0.16 —1.1 1.70 0.11 

p <0.01 <0.001 <0.01 >0.1 >0.1 <0.01 <0.01 
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Table V. The means of the changes in each of the 
blood levels have been calculated separately for 
the group of subjects receiving fructose and those 
receiving glucose. The significance of the differ- 
ence in these means is recorded in Table V. 

The data demonstrate significantly greater rises 
in blood lactic and pyruvic acids in the subjects 
receiving fructose, than in those infused with glu- 
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cose. The mean increases in lactate were 35.6 
mg. per cent (3.96 mEq. per L.) and 15.3 mg. per 
cent (1.71 mEq. per L.) for the fructose and glu- 
cose groups, respectively. Blood pyruvate rose 
an average of 2.16 mg. per cent (0.24 mEq. per 
L.) with fructose and 0.98 mg. per cent (0.11 
mEq. per L.) with glucose. Accompanying the 
acid metabolite accumulation noted with fructose 


TABLE VI 


Balance data 











Infusion 
time H:0 CHO Na K Lactate Pyruvate 
Subject hrs. ml. Gm. mEq. mEq. mEq. mEq. 
Fructose infusion 
R. Ro. 4 Intake 
Male per Kg./hr. 22.1 2.0 0.60 0.30 
6 mos. total 638 57.8 17.3 8.7 
7.2 Kg. Output 322 6.8 15.0 8.3 0.96 0.17 
Retention 316 51.0 23 0.4 
% Excreted 50.5 11.8 86.7 95.4 
V. Lo. 6 Intake 
Female per Kg./hr. 20.3 2.03 0.61 0.30 
8 mos. total 1,034 103.4 31.0 15.5 
8.5 Kg. Output 737 9.9 42.0 8.9 6.83 0.52 
Retention 297 93.5 —11.0 6.6 
% Excreted 71.3 9.6 135.5 57.4 
L. Gl. 6 Intake 
Female per Kg./hr. 19.6 1.96 0.59 0.29 
2 yrs. total 1,492 149.2 44.8 22.4 
12.7 Kg. Output 1,022 11.6 49.2 11.3 5.72 0.99 
Retention 470 137.6 —4.4 11.1 
% Excreted 68.5 7.8 109.8 50.4 
R. Or. 6 Intake 
Female per Kg./hr. 20.0 2.0 0.60 0.30 
5 mos. total 721 72.1 21.6 10.8 
6.0 Kg. Output 508 7.4 20.5 8.8 4.38 0.56 
Retention 213 64.7 +1.1 +2.0 
% Excreted 70.4 10.3 94.9 81.5 
R. Ze. 4.25 Intake 
Male per Kg./hr. 19.4 1.94 0.58 0.29 
3 mos. total 470 47.0 14.1 7.0 
5.7 Kg. Output 302 2.6 12.5 4.3 1.69 0.25 
Retention 168 44.4 1.6 2.7 
% Excreted 64.2 A 88.6 61.4 
D: La. 6 Intake 
Male per Kg./hr. 20.4 2.04 0.61 0.31 
2.5 mos. total 675 67.5 20.2 10.1 
5.5 Kg. Output 486 6.7 16.1 6.2 7.43 0.63 
Retention 189 60.8 4.1 3.9 
% Excreted 72.0 9.9 79.7 61.4 
R. Ma. 6 Intake 
Male per Kg./hr. 20.5 2.05 0.61 0.31 
6 mos. total 848 84.8 25.4 12.7 
6.9 Kg. Output 527 4.4 25.3 6.4 6.20 0.44 
Retention 321 80.4 +0.1 6.3 
% Excreted 62.1 5.2 99.6 50.4 
Intake 
m per Kg./hr. 20.3 2.00 0.60 0.30 
m % Excreted 65.6 8.6 99.2 65.4 
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TABLE vi—Continued 
Infusion 
time H:0 CHO Na K Lactate Pyruvate 
Subject hrs. ml. Gm. mEq. mEq. mEq. mEq. 
Glucose infusion 
D. Ga. 6 Intake 
Female per Kg./hr. 21.6 1.94 0.62 0.30 
11 mos. total 1,049 94.3 30.0 14.7 
8.1 Kg. Output 691 10.2 25.6 6.6 0.32 0.24 
Retention 358 84.1 4.4 8.1 
% Excreted 65.9 11.9 85.3 44.9 
P. Ya. 6 Intake 
Female per Kg./hr. 19.8 1.98 0.61 0.31 
18 mos. total 1,083 108.3 33.6 16.9 
9.1 Kg. Output 748 44,2 24.7 17.7 0.21 0.10 
Retention 335 64.1 8.9 —0.8 
% Excreted 69.1 40.8 73.5 104.7 
L. Hi. 6 Intake 
Male per Kg./hr. 20.2 2.10 0.62 0.30 
2.5 mos. total 643 66.7 19.6 9.6 
5.3 Kg. Output 491 12.8 20.9 4.4 0.54 0.15 
Retention 162 53.4 —1.3 a2 
% Excreted 74.8 19.2 106.6 45.8 
J. Ga. 6 Intake 
Male per Kg./hr. 19.9 1.78 0.31 
7 mos. total 1,094 98.0 17.1 
9.15 Kg. Output 753 28.6 6.0 0.49 0.29 
Retention 341 69.4 11.1 
% Excreted 68.8 29.2 35.1 
D. Da. 6 Intake 
Male per Kg./hr. 19.6 1.80 0.61 0.30 
8 mos. total 823 75.6 25.7 12.7 
7.0 Kg. Output 487 14.0 12.4 4.7 0.16 0.15 
Retention 336 61.6 13.3 8.0 
% Excreted 59.4 18.5 48.2 37.0 
R. Py. 6 Intake 
Male per Kg./hr. 19.9 1.93 0.62 0.30 
14 mos. total 1,362 132.6 42.2 20.8 
11.4 Kg. Output 962 232 34.6 6.5 0.54 0.21 
Retention 400 111.6 7.6 14.3 
% Excreted 70.6 16.0 82.0 3142 
E. Ca. 6 Intake 
Male per Kg./hr. 20.1 1.99 0.62 0.31 
8 mos. total 1,038 102.8 32,2 16.2 
8.6 Kg. Output 801 30.8 29.6 11.9 0.15 0.12 
Retention 237 72.0 2.6 4.3 
% Excreted 77.2 30.0 91.9 73.4 
Intake 
m per Kg./hr. 20.2 1.94 0.62 0.30 
m % Excreted 69.4 23.6 81.2 LS a | 
p >0.3 <0.01 >0.1 >0.3 <0.001 <0.01 





infusion, decreases in blood pH ranging from 0.11 
to 0.22 were seen in six of the seven subjects, and 
mean decreases in whole blood CO, of 6.8 mM 
per L. (range, 3.7 to 10.0 mM per L.), and in 
plasma sodium of 14 mEq. per L. (range, 6 to 19 
mEq. per L.) were found. These values likewise 
differ significantly from those noted in the glucose 
group, where decreases in blood pH ranged from 


0.01 to 0.06 and mean decreases in CO, of 0.4 mM 
per L. (range, — 2.8 to + 3.5 mM per L.), and 
in sodium of 6.7 mEq. per L. (range, 4 to 12) were 
seen. No significant differences in potassium or 
chloride levels were demonstrated. 

Table VI presents data for intake and excre- 
tion of water, carbohydrate, sodium and potassium, 
as well as excretion of lactate and pyruvate of the 
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individual subjects. As in the previous study, the 
excretion of fructose (8.6 per cent of intake) was 
significantly lower than that of glucose (23.6 per 
cent), but in contrast to the earlier group of sub- 
jects, the children who received fructose in gen- 
eral did not show a negative sodium balance. The 
mean sodium excretion of the individuals re- 
ceiving fructose was higher (99.2 per cent of in- 
take) than that noted with the glucose infusions 
(81.2 per cent), but not significantly so. The 
greater mean sodium loss noted in the first study 
probably reflects the very high infusion rates used 
in several of the subjects. As before, no significant 
difference was seen in water or potassium excre- 
tions with the two carbohydrates. 

A highly significant difference was found in the 
lactic acid excretions of the two groups, 10.4 mg. 
per Kg. per hour and 0.6 mg. per Kg. per hour 
for the subjects receiving fructose and glucose, 
respectively. A significant but less striking dif- 
ference existed in pyruvate excretion, which aver- 
aged 0.6 mg. per Kg. per hour with fructose ad- 
ministration and 0.3 mg. per Kg. per hour with 
glucose. 


DISCUSSION 


The results reported here established the fact 
that infants can utilize fructose almost completely 
when it is administered at the relatively rapid 
rate of 1.0 Gm. per Kg. per hour for periods of at 
least six hours. This rate is equivalent to the 
maximum set for glucose by Butler and Talbot 
(7) and confirmed for infants in the present study. 
When the two sugars were administered at an 
average rate of 2.0 Gm. per Kg. per hour in order 
to demonstrate a possible superiority in fructose 
utilization, there was a statistically significant dif- 
ference in utilization in favor of fructose. 

As stated above, there were indications that the 
superior utilization of fructose, at rapid rates of 
infusion, was not entirely advantageous. Statisti- 
cally significant increments in pulse and respiratory 
rate were demonstrated during fructose infusion, 
and appeared to be manifestations of cardiore- 
spiratory responses to an altered metabolic state. 
A significant enlargement of the liver was likewise 
noted in association with rapid fructose infusion, 
probably as the result of the more rapid uptake 
(17, 18) and conversion of this sugar to glycogen 
(19). In addition, the subjects in Group B ex- 
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hibited an average negative sodium balance with 
fructose infusion but not with glucose. This dif- 
ference was not noted in the subsequent series of 
experiments in which the carbohydrate infusion 
rate was maintained more uniformly around 2.0 
Gm. per Kg. per hour. Negative sodium balances 
were particularly prominent in the individual ex- 
periments in Group B in which the infusion rate 
varied above the mean for the group as a whole. 

These indications of the existence of a meta- 
bolic acidosis were borne out by further investiga- 
tion of blood pH, CO, and electrolyte changes. 
The probable mechanism for this acidosis was 
demonstrated to be an accumulation in the blood 
of lactic and pyruvic acids with increased urinary 
excretion of these metabolites. Similar elevation 
in blood levels of these intermediates has been re- 
ported previously from several sources (8, 17, 18). 

The present controlled studies show that the 
magnitude of these metabolic alterations is sig- 
nificantly greater with fructose administration 
than with glucose. The increased appearance of 
these metabolites occurring especially with fruc- 
tose administration is probably a reflection of its 
rapid rate of utilization which has been attributed 
to a difference in rate of phosphorylation (17) and 
to the fact that fructose enters the Meyerhof path- 
way at a point further along than glucose (17). 
Smith, Ettinger, and Seligson (18) have suggested 
that the difference in acid metabolite accumulations 
is a reflection of the significant extent to which 
glucose oxidation in the human proceeds through 
the hexosemonophosphate shunt pathway, in which 
only 1 M of pyruvate is formed from the break- 
down of 1 M of hexose, while 2 M of pyruvate is 
produced in the Embden-Meyerhof pathway, which 
is the only known mechanism for fructose break- 
down. 

The subjects used in these studies had no pre- 
existing acidosis, but showed blood pH decreases 
to as low as 7.11 during the course of a six hour 
infusion. Even more profound acidosis could be 
expected to occur in a patient who was acidotic 
before the infusion was begun. This situation 
might be encountered in a diabetic, acutely under- 
nourished, or dehydrated infant. 

The acidosis accompanying rapid fructose ad- 
ministration in infants has been shown to be of 
sufficient severity to make advisable limitation of 
its rate of infusion. No untoward side effects were 
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noted with infusions of 1 Gm. per Kg. per hour 
and no contraindication to its use at this rate has 
been demonstrated. 

It should be pointed out that there may be indi- 
cations for the use of fructose in special situations 
in which glucose utilization may be impaired: the 
initial hours of treatment of diabetic acidosis (20, 
21), febrile illness (22), the early postoperative 
period (22), severe hepatic insufficiency (18), 
after fasting (23), and in the acidotic state (24). 
The present study does not yield information rele- 
vant to the validity of these indications. 


SUMMARY 


1. Infusions of glucose and fructose with elec- 
trolytes to three infants at a rate of approximately 
1.0 Gm. per Kg. per hour resulted in essentially 
complete utilization of both sugars. Excretion of 
water, sodium, and potassium did not vary sig- 
nificantly in relation to the sugar infused. 

2. Infusions of the sugars at a rate of approxi- 
mately 2.0 Gm. per Kg. per hour in eight subjects 
resulted in a significantly greater urinary loss of 
sugar with glucose (20.0 per cent of intake) than 
with fructose (9.9 per cent) (p < 0.02). 

The average urinary sodium excretion associ- 
ated with glucose infusion was 79 per cent of in- 
take, which is significantly lower than that noted 
with fructose, 127 per cent (p< 0.01), but no 
significant differences in water and potassium ex- 
cretions were noted. 

Significant increases in pulse and respiratory 
rates and liver size occurred during fructose in- 
fusion in these subjects. 

3. Infusions of fructose solution with electrolytes 
to seven additional infants at the rate of 2 Gm. per 
Kg. per hour were accompanied by mean increases 
in whole blood lactate of 35.6 mg. per cent, and in 
pyruvate of 2.16 mg. per cent. 
occurred with glucose in eight subjects. 

Decreases in blood pH up to 0.22, and mean 
decreases in whole blood CO, of 6.8 mM per L. 
and in plasma sodium of 14 mEq. per L. were 
demonstrated in the group of individuals receiving 
fructose. Significantly smaller changes were seen 
in these blood levels during glucose infusion. 

Mean lactic acid excretion during the period 
of infusion was 10.4 mg. per Kg. per hour in the 


Smaller increases 
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subjects receiving fructose, but only 0.6 mg. per 
Kg. per hour in those receiving giucose. 

4. It is suggested that the advantage in fruc- 
tose utilization over glucose, when administered 
at a rapid rate of infusion, may be offset by the 
induced metabolic acidosis and its attendant side 
effects. 


ADDENDUM 


Since preparation of this manuscript, another 
study of the use of carbohydrates in parenteral 
feeding of children has been reported by Lane and 
Dodd (25). They administered 10 per cent solu- 
tions of glucose, invert sugar, and fructose, con- 
taining no electrolytes, to 18 children and found 
more glycosuria accompanying the glucose infu- 
sions than with the fructose or invert sugar in 16 
of the subjects. Their rate of infusion was 1.25 
Gm. of sugar per Kg. per hour, which is consider- 
ably lower than the 2 Gm. per Kg. per hour rate 
which produced the significantly greater retention 
of fructose than glucose in the present study. 
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Cerebral vasodilatation and vasoconstriction may 
be recorded by the electronically-amplifying pneu- 
moplethysmograph. This method represents an 
adaptation of the plethysmographic method of re- 
cording digital vasomotor changes. The brain is 
enclosed in a largely nondistensible dural envelope 
(1), which, in effect, is a naturally-occurring 
plethysmograph chamber. The dura, backed by 
the skull, is a substitute for the rigid plastic cup 
used for digital plethysmography (2). 

Cerebral plethysmographic responses to a num- 
ber of vasomotor stimuli and to cervical sympa- 
thetic nerve stimulation and nerve block are re- 
ported. 

Early efforts (1881 to 1929) to relate change in 
cerebral circulation to differences in amplitude of 
pulsation over human cranial defects, as recorded 
by the kymograph, are summarized by Shepard 
(3) and Stevenson, Christensen, and Wortis (4). 
These observations could be obtained from sub- 
jects with large cranial defects capable of trans- 
mitting a volume-pressure change sufficient to 
activate a mechanical recording system. Elec- 
tronic amplification permits volume pulse record- 
ings to be obtained through a small cranial trephi- 
nation. 

Cerebral vasodilator and vasoconstrictor agents 
have been identified by a method of pial vessel 
photography and measurement (5, 6), and by cal- 
culation from dye-dilution (7) and nitrous oxide 
(8) blood flow methods. Vasomotor stimuli of 
predictable action may be utilized in the evalua- 
tion of a cerebral plethysmographic method. 


1This study was aided in part by a research grant 
from the Veteran’s Administration VAM-23238, V-1001- 
M4028. 

2A preliminary report of this project was presented 
before the Harvey Cushing Society, May 18, 1955. 

3 Present address: Southwestern Medical School, Uni- 
versity of Texas, Dallas, Texas. 


METHOD AND MATERIAL 


One of two electronically-amplifying, direct recording 
plethysmographs is connected to the human subdural 
space in an air-and-water-tight fashion. A small trephi- 
nation is made in the temporal region of the skull under 
local anesthesia. The dura is opened widely. Effort is 
made to preserve the integrity of the arachnoid. A 
chambered, cast vitallium, trephine button is inserted 
into the trephination opening in the skull. A_ short 
length of plastic tubing is threaded onto the stem of 
the trephine button and led out through a separate stab 
wound in the scalp. The button is then connected to 
the recording plethysmograph by means of 10 to 15 feet 
of plastic tubing. Recordings may be obtained for pe- 
riods up to 23 days. After this time, the dura will be 
reformed, and pulsations will be considerably damped. 
At the conclusion of the recording period, the plastic 
tubing is gently pulled away from the cast vitallium 
trephine button and removed from the stab wound, al- 
lowing this wound to heal. The trephine button may be 
left in situ indefinitely, avoiding the need to perform 
further surgery to remove the button. 





Fic. 1. DraGram or Cast VITALLIUM TREPHINE BUTTON 


A. External surface of volume recording button. 
B. and C. 


1) Volume transmitting air chamber; 2) volume trans- 
mitting stem; 3) lax rubber diaphragm separating 
cerebrospinal fluid and air; 4) Portex tubing for con- 
nection to plethysmograph. 


Internal surface of recording button. 
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MATERIAL 


The cerebral plethysmographic observations to be re- 
ported were obtained from 18 patients, 10 women and 8 
men, undergoing “injection-type” lobotomy, cervicothor- 
acic sympathectomy, or “head-and-neck dissection” op- 
erations. The age range was 26 to 48 years, with an 
average age for the group of 33.3 years. None of these 
patients had cerebrovascular, cardiovascular, or central 
nervous system disease. Observations of cerebral plethys- 
mographic changes have been made in a few patients 
with cerebrovascular disease or brain tumor, but these 
observations have been purposely excluded, and will be 
reported when a sufficiently large number of observations 
will have been made. 

The trephine button (Figure 1). The cast vitallium 
trephine button was designed to fit snugly into a 14 mm. 
trephination. The chamber of the button is open to a 
side tube (stem) to which No. 6 hard-walled Portex 
tubing attaches firmly. The inner aspect of the chamber 
may be left open over the arachnoid, or may be covered 
with a lax, thin rubber membrane to prevent infection of 
the subarachnoic space, or a leak of cerebrospinal fluid 
into the plastic tubing. 
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The plethysmograph. The two plethysmographs used 
for this study were designed and constructed to reflect 
changes in digital volume (9, 10). The rubber mem- 
brane of the tambour rises or falls slightly with change 
of volume of a digit enclosed in a rigid plastic cup or of 
the intradural contents. Movements of the tambour in 
turn stretch or relax slightly a strain gauge wire, 
thereby changing electrical resistance. The strain gauge 
forms part of a sensitive alternating current wheat- 
stone bridge. Changes in bridge resistance are amplified 
and transmitted to a phase detector whose output actu- 
ates the pen of the ink recorder to produce traces. 

Plethysmograms. Traces are made by the ink-writer 
on moving chart paper graduated with vertical curved 
lines, 1.0 cm. apart, and horizontal straight lines 1.0 mm. 
apart. Chart speed is 1.0 cm. per 10 seconds. Calibra- 
tion marks (cal) indicate direction of increasing volume. 
The amplitude of the pulse volume chart excursion may 
be increased or decreased by electronic amplification 
(gain). A base-line pulse amplitude of 2 or 3 mm. is 
convenient for most observations. An increase or de- 
crease of 0.5 mm. of pulse amplitude may be significant, 
but larger amplitude changes will be more easily de- 





Fic. 2. Errect oF JuGULAR VEIN OccLUSION ON INTRADURAL VOLUME AND PRESSURE 


Jugular vein occlusion causes an increase of intradural volume and pressure, but has little 


effect upon pulse volume amplitude. 


Manometric cuff pressure 
about neck 
20 mm. 
30 mm. 
60 mm. 


Spinal fluid pressure 
i. Max. P. 
90 160 
100 180 
100 260 
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tected. No quantitative significance can be attached to 
these arbitrary chart distance readings or changes. 

Three types of volume displacement may be noted in 
cerebral plethysmogram traces: 


1) Arterial pulse volume. Though many factors may 
influence pulse volume amplitude, the pulse volume excur- 
sion may be considered to be the resultant of intravas- 
cular pressure and volume forces tending to distend the 
pulsatile vascular field during systole as opposed by re- 
sistance of the walls of pulsating vessels to stretch. 
Vascular resistance to stretch will depend upon the anat- 
omy of the vessel wall, its luminal size, and the ability of 
the vessels to constrict or relax. Change of pulse volume 
amplitude is the most sensitive plethysmographic re- 
sponse to cerebral vasomotor change. 

2) Total, or intradural, volume deflection may repre- 
sent change of brain, blood, or cerebrospinal fluid vol- 
ume. Fortunately, intradural volume (and also arterial 
pulse amplitude) may remain constant over several hours 
of observation. Intradural volume is changed most rap- 
idly and frequently by a change of volume of blood 
within or about the dural sac. Vasoconstriction is usu- 
ally, though not always, accompanied by reduced total 
volume, and vasodilatation may cause an increase of in- 
tradural volume. The effect of increased or decreased 
cerebrospinal venous pressure is frequently seen, as the 
valveless veins of the cerebrospinal axis readily trans- 
mit pressure changes from the chest or abdomen in a 
retrograde fashion, or become engorged when the patient 





is placed in a head-down position. When position of the 
patient is little changed, intradural volume remains quite 
constant; hence, if changes of cerebrospinal fluid volume 
are occurring with any frequency, they are compensated 
by other volume changes, probably by the degree of 
venous engorgement. 

3) Respiratory waves may or may not appear. Propa- 
gated along the cerebrospinal veins, their amplitude is 
affected by venous engorgement and by respiratory ef- 
fort, in order of influence. By selection of patient posi- 
tion for optimum venous engorgement, these waves may 
be caused to disappear. The arterial pulse volume is 
little affected by cerebrospinal pressure changes or by 
degree of venous engorgement, within normal limits of 
cerebrospinal fluid pressure (Figure 2). Greater than 
normal levels of cerebrospinal fluid pressure might be 
expected to have an effect upon pulse volume amplitude. 

Damping. Initially, “undamped” recordings of changes 
in intracranial volume were obtained in the operating 
room. To permit long-term observations, the vitallium 
button was fitted with a thin rubber diaphragm to mini- 
mize the chance of intracranial infection and to prevent 
escape of cerebrospinal fluid into the conducting tubing 
to the plethysmograph. 

In practice, the damping effect of the rubber diaphragm 
has been of unexpected value. Pulse volume changes of 
the pulsating human brain are of much greater magni- 
tude than are those originating from the invisibly pulsat- 
ing digit. Without “damping” the amplitude of cerebral 


TABLE I 


Cerebral vasomotor, pulse and blood pressure responses to various stimuli 




















Intradural Pulse vol. 
vol. change change 
Pulse rate Blood pressure mm, mm, 
No. No. 
patients obs. From To From To + - im E 
Cerebral vasodilatation 
COz 5%-Oz 95% inhalation 6 36 82 96 120/80 135/95 10 2. 25 
Voluntary apnea 10 14 72 ~=84 120/80 125/85 2 1 10 
Sleep 4 20 Variable 5-7 2 5 
Alcohol, 250 ml. of 10% sol., 1.V. 2 3 88 84 124/78 124/78 2 2 3 
Priscoline®, 50 mg., I.V 2 Zz 0 O 2 3 
Papaverine, 100 mg., I.V. 2 2 5 45- -2 
Facial nerve activity Zz 12 84 84 115/80 115/80 5 2 4 
Sup. cerv. gang. block 2 4 82 90 115/75 115/75 + Zz 3 
Cerebral vasoconstriction 
Hyperventilation 10 14 94 94 115/80 125/85 5 3 2 
Carotid occlusion 3 14 82 82 118/80 118/80 z 3 a 
Cold constrictor test 3 10 76 86 120/80 135/85 3 3 1 
Abdominal pain 2 8 84 888 110/70 115/80 3 ra | 
Cutaneous pain 4 10 76 86 120/80 135/85 5 3 2 
Apprehension 3 6 4 3 1 
Anesthesia 4 5 Variable 120/80 120/80 5 2 
Stim. of sup. cerv. gang. + 15 84 100 120/80 130/85 5 ee 
Stim. of mid. cerv. gang. + 15 84 100 120/80 130/85 5 3 2:5 
Block of stellate gang. 6 8 76 =684 115/70 115/70 0 0 a3>- 2 
No cerebral vasomotor change 
Nicotinic acid, 200 mg., I.V. 4 6 0 2 2 
Mental test 1 5 72 80 115/75 120/75 0 0 2 2 
Stim. of stellate gang. + 15 84 100 120/85 130/85 0 0 3 3 
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Fic. 3. Errect oF CARBON D1oxIDE INHALATION ON PLETHYSMOGRAPH 
RESPONSE 


Pronounced cerebral vasodilator plethysmographic response occurs during 


inhalation of carbon dioxide 5 per cent-oxygen 95 per cent. 


There is a 


precipitous onset and cessation of pulse volume change during and at the 
termination of inhalation of the gas mixture. 


pulse volume, an excursion on the chart of 3 to 6 cm. is 
obtained. Such a large amplitude is inconvenient for 
study of pulse volume change and precludes an increase 
of trace amplitude without being off the chart. A much 
less sensitive plethysmograph might be substituted for 
the ones used in these studies. However, it would seem 
preferable to use a highly sensitive plethysmograph with 
appropriate damping to permit detection of onset of 
volume change. 





“VOLUNTARY APNEA 


Fic. 4. Errect oF VoLuNTARY APNEA 


Voluntary apnea (breath holding) for 22 seconds 
causes cerebral vasodilatation. There are no respiratory 


pulsations in this tracing (compare with Figure 2). 
Again sudden onset and cessation of vasodilatation is 
pronounced. 





RESULTS 


Cerebral vasomotor changes which occur in re- 
sponse to various stimuli or changing physiological 
states are summarized in Table I. 

The number of patients studied and the number 
of observations (traces) for each test situation are 
listed. Brachial artery blood pressure, as obtained 
by ausculation, and pulse rate changes are re- 
corded, and are the average of measurements taken 
during the total number of observations. The 
lowest pulse rate in any patient at any time was 
64; the highest, 110. Blood pressure was within 
the range 90/60 to 140/100 mm. of mercury, in- 
cluding all test situations. Resting blood pressure 
was not greater than 120/80 in any patient. 

The average deflection of the traces, indicating 
an increase or decrease of intradural (total) vol- 
ume is tabulated as excursion, above (positive), 
or below (negative) the base line, in millimeters of 
chart distance. 

An increase or decrease of amplitude of pulse 
volume is shown in the last column of Table I 
by comparison of the amplitude obtained during 
the experiment with the preceding and following 
control periods. 

The degree of plethysmographic response va- 
ried from patient to patient and from test to test 
in the same patient, but the direction or type of 
response was consistent in this group of relatively 
young adults for the stimuli listed in Table I. 
Elderly persons, or the use of stimuli such as 
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Fic. 5. Errect oF HyPervENTILATION ON CEREBRAL PLETHYSMOGRAPHIC RESPONSE 


Cerebral vasoconstriction occurs during hyperventilation, as indicated by reduced cerebral pulse and intradural 
volumes. Onset and termination of vasoconstriction are abrupt. 


caffeine sodium benzoate, may show variability of 
response with respect to direction as well as degree. 

Cerebral vasodilatation accompanies carbon di- 
oxide 5 per cent-oxygen 95 per cent inhalation 
(Figure 3), voluntary apnea (Figure 4), sleep, 
sedative effect of intravenous alcohol, and intra- 
venous administration of undiluted tolazoline hy- 
drochloride (Priscoline®), 50 mg., and papaverine, 
100 mg. 

Cerebral vasoconstriction occurs with active hy- 
perventilation (Figure 5), carotid occlusion, cold 
immersion or constrictor test, exacerbations of 
abdominal pain due to cancer, cutaneous painful 
stimulation, apprehension, and anesthesia. 

Carotid artery occlusion causes reduced cerebral 
pulse volume and intradural volume as a “passive” 
vasoconstriction response to reduced blood flow 
and pressure. 

Apprehension (fright) was produced by threat- 
ening the patient with immersion of the leg in ice 
water. The cold pressor test itself was carried 
out with reassurance and verbal support to gain 
maximum patient cooperation. 

No cerebral vasomotor response was detected 
after intravenous administration of nicotinic acid, 





0.2 Gm., or during performance of arithmetical 
or reading tests. 

The cold pressor test causes reduced cerebral 
pulse volume, increase of pulse rate, and increased 
blood pressure. This pattern is consistent with 
cerebral vasoconstriction. Total, or intradural, 
volume usually increases, which might be con- 
sidered vasodilatation. However, total volume in- 
crease in this instance is associated with rise of 
cerebrospinal venous and fluid pressure due to in- 
creased intra-abdominal and possibly intrathoracic 
pressure caused by obvious anxiety and muscular 
tension during the cold constrictor test. 

Cerebral vasomotor activity following nerve 
stimulation. Cerebral vasodilatation accompanies 
facial nerve activity in the form of repetitive move- 
ment of the facial muscles (Figure 6). The pa- 
tient carries out a series of “grimacing” move- 
ments, consisting of opening and closing the eyes, 
accompanied by alternately smiling and puckering 
lip movements. This obviates any apprehension 
which might be associated with electrical stimula- 
tion of the facial nerve. The dilator response is 
prompt and pronounced. Repetitive movements 
of the jaw muscles (fifth nerve), pharynx (ninth 


FACIAL GRIMACING —\—— 


Fic. 6. CEREBRAL VASODILATATION IN RESPONSE TO VOLUNTARY REPETITIVE MOVEMENTS OF 
FacrtaL MUSCLES 
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MIDDLE CERVICAL GANGLION STIMULATION 


Fic. 7. Errect oF MippLe CervicAL GANGLION STIMULATION ON CERVICAL PLETHYSMOGRAPHIC 
RESPONSE 


Middle cervical ganglion stimulation results in cerebral vasoconstriction. 


Note that pulse volume de- 


creases less strikingly than in Figure 8, but that intradural volume is decreased, and amplitude of respira- 
tory wave increases, as with superior cervical ganglion stimulation. 


and tenth nerves), or tongue (twelfth nerve) pro- 
duce no change in the cerebral plethysmogram. 

Cerebral vasoconstriction follows _ electrical 
stimulation of the middle or superior cervical sym- 
pathetic ganglion in anesthetized man (Figures 7 
and 8). The response is more easily elicited from 
the superior cervical ganglion. Electrical stimula- 
tion of the stellate ganglion fails to alter the cere- 
bral plethysmogram (Figure 9), though digital 
vasoconstriction is easily recorded. 

Cerebral vasodilatation, indicated by increased 
cerebral pulse amplitude and intradural volume, 
accompanies procaine block of the superior cervi- 
cal ganglion in the conscious subject (Figure 10). 
Stellate ganglion block causes a slight reduction 
in cerebral pulse volume without change of intra- 
dural volume (Figure 11). This is “passive vaso- 


GANGLION STIMULATION 





Fic. 8. Errect oF SUPERIOR CERVICAL GANGLION STIMU- 
LATION ON CEREBRAL PLETHYSMOGRAPHIC RESPONSE 
Superior cervical ganglion stimulation causes cerebral 

vasoconstriction. Pulse volume is reduced from 2.5 mm. 

to 1 mm. One hundred and thirty second section of 

stimulation phase and 60 second section of recovery phase 
deleted to facilitate reproduction. 


, 


constriction,” as blood is shunted from the brain 
to the vasodilated arm. Elevation of the arm or 
placing the patient in a head-downward position 
partially restores the cerebral pulse volume toward 
the prestellate block amplitude. 


DISCUSSION 


The plethysmographic method of recording re- 
gional vasomotor change has been adapted for 
the study of cerebral circulation. The plethysmo- 
graphic responses may be compared with cerebral 
vasomotor changes which have been computed by 
investigators using the nitrous oxide technique 
for the determination of cerebral blood flow.* 
Cerebral vasodilatation has been indicated by both 
the cerebral plethysmographic technique and the 
nitrous oxide method to accompany inhalation of 
carbon dioxide 5 per cent-oxygen 95 per cent (11), 
sleep (12, 13), and administration of alcohol (14) 
or papavarine (15). Intravenous Priscoline® 
causes vasodilatation by plethysmography, but re- 
sults in slightly reduced cerebral blood flow by 
the nitrous oxide method (16). Voluntary apnea 
has not been studied by the nitrous oxide tech- 
nique. Undiluted Priscoline® intravenously and 
voluntary apnea (breath holding) have short pe- 


4 Though cerebral vasomotor activity may be indicated 
by the nitrous oxide method and by cerebral plethysmog- 
raphy, cerebral pulse volume change need have no rela- 
tion to cerebral blood flow. For example, stellate gang- 
lion stimulation increases pulse rate with unchanged pulse 
amplitude, a response which might be construed as in- 
dicating increased cerebral minute blood flow in the 
absence of cerebral vasomotor change. 
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Fic. 9. ErFrrect oF STELLATE GANGLION STIMULATION ON CEREBRAL PLETHYSMOGRAPHIC 
RESPONSE 
Stellate ganglion stimulation does not change pulse or intradural volume, though increase in 
pulse rate may be noted. 









































Fic. 10. Procatne BLock oF SuPERIOR CERVICAL GANGLION CAUSES CEREBRAL VASODILATATION 





Fic. 11. Errect or STELLATE GANGLION BLocK oN CEREBRAL PLETHYSMOGRAPHIC RESPONSE 


Stellate ganglion block consistently results in the reduced cerebral pulse volume of “passive” 
cerebral vasoconstriction, secondary to shunting of blood into vasodilated arm and face. 


riods of activity, which would render their reac- Cerebral vasoconstriction is indicated by plethys- 
tion more appropriate for plethysmographic study mographic and nitrous oxide methods to accom- 
than for evaluation by the nitrous oxide method pany active hyperventilation (17) and carotid ar- 
which required 5 or 10 minute periods of equili- tery occlusion (18). The short, though pro- 


bration. 


nounced, constrictor response to the cold pressor 
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test, pain, or apprehension (fright), lends itself to 
plethysmographic recording, but is too brief for 
the nitrous oxide method to be conveniently ap- 
plied. 

Surgical anesthesia causes cerebral and digital 
vasoconstriction type of plethysmographic re- 
sponses, whereas thiopental sodium (Pentothal®) 
anesthesia is accompanied by an increased cerebral 
blood flow (vasodilatation) as measured by the 
nitrous oxide technique (19). This discrepancy 
may be due to the complicated anesthesia mixture 
[thiopental sodium, nitrous oxide, oxygen, meperi- 
dine (Demerol®), and carbon dioxide absorption] 
administered to our subjects. Natural sleep and 
barbiturate- or alcohol-induced sleep are accom- 
panied by cerebral vasodilation. Whatever the 
explanation may be, cerebral pulse volume ampli- 
tude is reduced by the anesthesia prior to cervical 
sympathetic nerve stimulation ; hence further pulse 
volume reduction is more striking. 

Mental activity and intravenous nicotinic acid 
have no effect upon the cerebral plethysmogram. 
Neither stimulus has been reported to alter cere- 
bral blood flow (15, 20). 

The neurogenic mechanisms which may influ- 
ence cerebral circulation have been of particular 
interest to us. Activity of the facial nerve is as- 
sociated with cerebral vasodilatation in the con- 
scious human. The presence of a cerebral vaso- 
dilator mechanism involving the facial nerve was 
reported by Chorobski and Penfield from S. Cobb’s 
laboratory, and the pathway of vasodilator fibers 
from the facial nerve to the carotid artery plexus 
was described (21). In the laboratory animal, 
pial vessel dilatation occurred during stimulation 
of the distal segment of the divided facial nerve. 
These investigators could detect no vasomotor re- 
sponse to electrical stimulation of the trigeminal, 
glossopharyngeal, or hypoglossal nerve, and we 
found no plethysmographic change during chew- 
ing, talking, or repetitive tongue movements. 

Stimulation of the superior and middle cervical 
ganglia cause cerebral vasoconstriction and stel- 
late ganglion stimulation is not accompanied by 
cerebral vasomotor activity in the anesthetized 
human. This result is similar to the observations 
of the effect of sympathetic stimulation upon pial 


vessel diameter in cat, dog and monkey, reported 
by Forbes, Wolff, and Cobb (5, 22-24). Cerebral 
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vasodilatation in response to superior cervical 
ganglion block and slight reduction of cerebral 
pulse volume after stellate ganglion block occur 
as might be anticipated from the results of stimu- 
lation. Quantitative methods show no change or 
slight reduction of cerebral blood flow after stel- 
late ganglion block (25). 

From these observations, it is apparent that the 
concept that the outflow of all vasoconstrictor 
nerves is limited to the thoracic and lumbar an- 
terior roots deserves reevaluation. Cerebral vaso- 
constrictor fibers are present in the cervical sym- 
pathetic nerves of animal and man, but do not 
traverse or involve the stellate ganglion. 

Cerebral vasoconstrictor fibers pass to the su- 
perior cervical ganglia and adjacent cervical sym- 
pathetic chain from the vagus, as is found by stim- 
ulation of a segment of vagus nerve isolated at the 
base of the skull and in the lower part of the neck 
by double, procaine (4 per cent) block. Other 
possible routes of preganglionic fibers to the su- 
perior cervical ganglion are the ninth, eleventh and 
twelfth cranial and upper cervical nerves (26) and 
we are attempting to determine the presence or ab- 
sence of vasoconstrictor fibers in these nerves. 
The sympathetic, vasoconstrictor system is com- 
posed of two divisions: 7) cranial-cervical, and 2) 
thoracolumbar. 

Cerebral plethysmograms were obtained with 
surprising consistency and with little difficulty. 
It is our feeling that cerebral plethysmography is 
a useful technique for “scanning” a wide range of 
conditions which might produce a cerebrovascular 
reaction, and to permit recording of cerebral vaso- 
motor changes of short duration. 


SUMMARY 


Cerebral vasomotor change has been recorded 
by an adaptation of the plethysmographic tech- 
nique. 

Increase in amplitude of cerebral pulse volume, 
accompanied by an increase of intradural volume, 
occurs in response to inhalation of a mixture of 
carbon dioxide 5 per cent-oxygen 95 per cent, vol- 
untary apnea, sleep, voluntary facial nerve activity, 
superior cervical ganglion block, and the intra- 
venous administration of alcohol and papaverine. 
We consider this to be cerebral vasodilatation. 
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Decrease of pulse volume amplitude with re- 
duced intradural volume (cerebral vasoconstric- 
tion) is the plethysmographic response to hyper- 
ventilation, abdominal and cutaneous pain, and 
stimulation of the middle or superior cervical 
ganglion. The cold pressor test and apprehension 
cause reduced pulse amplitude and increased total 
volume. This is interpreted as cerebral vaso- 
constriction in the presence of increased cerebro- 
spinal venous pressure due to muscular tension. 

Administration of nicotinic acid, performance of 
mental tests, and electrical stimulation of the stel- 
late ganglion do not affect cerebral vasomotor 
activity. 

A craniocervical sympatheic system whose fibers 
appear to accompany the vagus nerve to the su- 
perior cervical ganglion has been shown to sub- 
serve cerebrovascular activity. This system is 
separate from the thoracolumbar sympathetic 
outflow. 
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In evaluation of pulmonary insufficiency in pa- 
tients with paralytic respiratory disease, the con- 
tribution of various muscles and muscle groups is 
of considerable interest. The older observers, 
notably Keith (1), based their conclusions of the 
contribution of the various muscles to respiration 
on two types of study. One was the anatomical 
position of the muscle in relation to the direction 
of the fibers and the origin and insertion of the 
muscle. The other was the study of muscle func- 
tion by observation or palpation of the contracting 
muscle. So influential has been the classical trea 
tise of Keith that modern textbooks (2) base their 
teaching of respiratory muscle function on this 
work. The observations of recent years have 
consisted mainly of studies of electromyography— 
Campbell (3), Campbell and Green (4), Lewis 
(5), Dickinson (6) and Floyd and Silver (7). 
While these investigators have recognized the limi- 
tations of electromyography, such as the uncertain- 
ties when using surface electrodes in recognizing 
electrical activity of a deep muscle below a super- 
ficial muscle and the uncertainty of determining 
the exact location of the active tip of the less popu- 
lar needle electrodes, much useful information has 
been obtained. In particular, electromyographic 
studies have revealed the association of electro- 
myographic activity with muscle function during 
quiet and deep breathing, in hyperventilation, 
maximum inspiratory and expiratory effort against 
pressure, coughing, straining and in maintenance 
of posture. One muscle whose participation in 
respiration cannot be easily evaluated by electro- 
myography is the diaphragm. As will be shown 
later, it is this muscle whose participation in 
respiration can be particularly evaluated by the 
present study of paraplegics. 

The work reported here consists of a study of 
a group of patients who have varying degrees of 


1 Aided by a research grant (B-371) from the United 
States Public Health Service. 


muscle paralysis caused by a traumatic lesion of 
‘the spinal cord. The characteristic feature of this 


group is that the lesion is complete and well de- 
fined, with absence of ventilatory function below 
the lesion and normal function above. By selec- 
tion of patients with lesions at various spinal seg- 
ments and testing with standard pulmonary func- 
tion tests, it has been possible to evaluate the effect 
on breathing caused by functional elimination of 
the respiratory muscles below any spinal level. 
For patients with a “low” lesion, that is, in the 
lower lumbar region, the only loss of function of 
body muscles is that of the pelvic floor. With 
“high” lesions in the lower cervical region the only 
effective muscle remaining for respiration is the 
diaphragm. This method of evaluating the role 
of various groups of muscles as contributors to 
respiration differs from the usual methods of 
studying pulmonary muscle function mentioned 
above and provides supplementary information not 
obtainable by other methods. 


METHODS 


The patients studied were selected from approximately 
400 patients of the Paraplegia Service of the Long Beach 
Veterans Administration Hospital. This particular serv- 
ice has special facilities for care, treatment, research, 
social and economic management of this type of patient. 
From this group 64 patients were selected for study. 
The selection was determined by completeness of the 
spinal cord lesion, freedom from complicating factors 
such as muscle spasm, willingness of the patient as a 
cooperative subject and absence of other respiratory 
disorders than that caused by the lesion. The patients 
were mostly in the 20 to 40 year age group. They were 
all men and were the victims of the accidents listed in 
Table I, the majority of these being automobile accidents. 
Before injury these men were in excellent health, were 
muscular and most were engaged in outdoor work or 
outdoor activities. Between the time of the injury and 
the time of measurement, weight loss occurred of ap- 
proximately 5 to 20 per cent. The tests were made at a 
time after injury varying from 4 months to 10 years. 
The time interval between injury and testing, together 
with the ages of the subjects, is shown in Figure 1. 
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TABLE I 
Number of patients tested and cause of accident 











No. 

Cause of accident patients Per cent 
Automobile 34 54.0 
Gunshot 8 12.8 
Diving 7 11.4 
Falls 4 ef 
Logging ; 
Airplane 2 Fy | 
Train Z Fe | 
Mining 1 1.5 
Ship explosion , 1 15 
Rupt. intervertebral disc 1 1.5 

Total 63 100.0 





The patients were divided into three groups according 
to the level of the spinal cord lesion. Group I included 
21 patients with lumbar lesions; Group II, 14 patients 
with thoracic lesions; and Group III, 29 patients with 
cervical lesions. The extent of muscle paralysis of the 
three groups is shown in Figure 2. The members of 
Group I with lumbar lesions had paralysis of the pelvic 
floor and the lower limbs. If the muscles of the pelvic 
floor are excluded as contributing to respiration, then 
these men had respiratory functioning musculature which 
was normal. The members of Group II had lesions in 
the thoracic region. These extended from the first to 
the tenth thoracic level. Patients of this group were 
more difficult to obtain because injuries to this region 
of the back were fewer due to mechanical protection of 
the rib cage, and well defined spinal transections were 
less likely to occur. Group III includes the patients with 
lesions from the fourth to the eighth cervical segment. 
A few of those with the higher lesions had limited use 
of the arms and were unable to perform the exercise test 
described later. Patients in this group, as shown in Fig- 
ure 2, had paralysis of all the muscles of respiration ex- 
cept the accessory muscles and the diaphragm. 

A group of 17 normal men served as controls. These 
men were staff physicians, residents, interns, aids and 
technicians. Their age distribution is shown in Figure 1. 
These men were tested in the same manner as the pa- 
tients except that the arterial blood studies were omitted. 

There were four groups of tests made including a) 
spirometry, 5) residual volume and nitrogen clearance 
during oxygen breathing, c) blood gas analysis and d) 
an exercise tolerance test. a) The spirometry tests con- 
sisted of a measure of inspiratory vital capacity, expira- 
tory reserve volume, and maximum breathing capacity. 
The inspiratory vital capacity as defined here is the in- 
crease in lung volume caused by a maximal forced in- 
spiration following a maximal expiration. The Collins 
13 liter spirometer was used. Four determinations of in- 
spiratory vital capacity were made and the largest value 
chosen. Nine measurements of expiratory reserve vol- 
ume were made and the mean value used. Two measure- 
ments of the maximum breathing capacity were made 





ALLAN HEMINGWAY, ERNEST BORS, AND RICHARD P. HOBBY 


and the highest values used. 0b) Residual volume was 
measured by the open-circuit method of Darling, Cour- 
nand, and Richards (8). c) Arterial blood was drawn 
and analyzed for oxygen, carbon dioxide content and 
oxygen capacity using the Van Slyke manometric ap- 
paratus. Arterial pH was determined with the Cam- 
bridge glass electrode. d) An exercise test was devised 
which consisted of raising from the supine position two 5 
pound hand weights, one in each hand, from the side to 
above the head. This weight lifting was performed once 
every two seconds for five minutes. This type of test 
was used because an arm movement exercise was the only 
type of exercise capable of being performed by these pa- 
tients. Oxygen consumption rate, carbon dioxide pro- 
duction rate, respiratory quotient, ventilation rate, tidal 
volume, ventilation coefficients, and alveolar (end-tidal) 
carbon dioxide tensions were measured in a five minute 
resting period before the exercise, during the five minutes 
of exercise, and in a five minute postexercise period. 
Respiratory dead space was computed using the Bohr 
formula (9) and the values of CO, in expired and alveolar 
air. A mouthpiece with a Douglas valve was used with 
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TWEEN INJURY AND TESTING AND NuMBER OF INDIVIDU- 
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The age distribution of the 17 normal men of the con- 
trol group is given at the bottom of the figure. 
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Fic. 2. ANATOMICAL EXTENT OF MuSCLE PARALYSIS IN 
EACH OF THE THREE Groups TESTED 


a 120 liter spirometer for collecting expired air. Gas 
analyses were made with the Scholander (10) apparatus. 
End-tidal (alveolar) carbon dioxide was measured in 
two ways: 1) by collecting small aliquots of end-tidal air 
from approximately 10 exhalations beyond the expiratory 
value of the Douglas mouthpiece, or 2) passing the ex- 
pired air through the seven-eighths inch tube of the 
Model 16 Liston-Becker carbon dioxide analyzer. The 
gain control and the zero control of the infra-red carbon 
dioxide analyzer were set immediately before the test 
with two carbon dioxide air mixtures of known composi- 
tion. A calibration curve was made for the instrument 
in which instrument reading was plotted against alveolar 
air CO, determinations using the gas collection technique 
with chemical gas analysis. In the majority of determina- 
tions (approximately 95 per cent) both infra-red CO, 
analysis and chemical analysis were made. The chemi- 
cal gas analysis values were considered more reliable 
and were chosen in preference to those of the CO, ana- 
lyzer. The two (chemical and infra-red) differed only 
slightly- with approximately 80 per cent of the two deter- 
minations differing by only plus or minus 1 mm. in the 
computed Paco. 


RESULTS 
Vital capacity 


The inspiratory vital capacity of the control 
group was determined and from the data a linear 
regression formula relating vital capacity to age 
was derived. The formula is: 


Inspiratory vital capacity = 2.857 — 0.101 x 
age + 0.335 (liters, 37° C., ambient pressure 
saturated with water vapor). 


Another prediction formula was the “height for- 
mula” given by Baldwin, Cournand, and Richards 


(11). Using these two prediction formulas, the 
predicted vital capacity of each patient was deter- 
mined and from their measured vital capacity, the 
percentage of the predicted value was obtained. 
These percentages with standard deviations are 
given in Table II. For each group and for each 
prediction formula the probability of a significant 
difference from normal was determined using the 
Fisher test. In the table, if a group is significantly 
different from normal, it is designated S; if not 
significantly different, NS. It was considered 
significantly different if the probability of being 
different exceeded 99 per cent, or the probability, 
p, of nonsignificance was less than 0.01. 

The patients of Group I (lumbar lesion) had 
vital capacities which did not differ significantly 
from normal. Group II patients (thoracic lesion) 
had vital capacities significantly smaller (82.9 
per cent) than our control group but not signifi- 
cantly less than predicted by the Baldwin height 
formula. Group III patients had vital capacities 
significantly less than normal (approximately two- 
thirds of normal). Their vital capacities were 
surprisingly high considering the extensive paraly- 
sis and the availability for breathing of only one 
important respiratory muscle, the diaphragm. 


TABLE II 


Vital capacity of the three groups of paraplegics compared 
with the normal standard and a group of 17 normal 
individuals tested with the same procedure 
as the paraplegics 








Percentage values 
of the predicted 





(mean and S. D.) p* 
% 

Group I (lumbar lesion) 

West formulaf—22 99.4 + 18.8 

Height formula{—22 100.5 + 18.3 NS 

Normal group 94.0 + 15.9 NS 
Group II (thoracic lesion) 

West formula—16 90.9 + 13.8 

Height formula—16 92.4 + 19.6 NS 

Normal group—17 82.9 + 17.0 S 
Group III (cervical lesion) 

West formula 70.3 + 12.7 

Height formula 71.8 + 13.1 S 

Normal group 64.9 + 10.5 S 





* The letters in this column are used to indicate a sig- 
nificant difference (S) or no significance (NS) for a proba- 
bility of being significantly different greater than 99 per 
cent; i.e., p less than 0.01. 

t West formula, VC/M.2 = 2.50 liters. 

t Height formula, VC = (27.63 — 0.112 X age) (Ht. in 
cm.) (ml.). 








TABLE III 


Variation of expiratory reserve volume/vital capacity 
percentage with level of spinal injury 











VC = EC + I1C* pt 
4 Jo 
EC/VC ratio 

Group I—22 19.0 + 7.1 NS 
Normal group—17 17.6 + 5.2 

Group II—16 19.7 + 4.0 NS 
Normal group—17 19.5 + 5.2 
Group III—24 8.9 + 5.3 S 
Normal group—17 18.9 + 5.9 





* Vital capacity (VC) equals expiratory capacity (EC) 
plus inspiratory capacity (IC). 
t NS, no significance; S, significant difference. 


Expiratory reserve volume/inspiratory vital ca- 
pacity ratio 


It is to be expected that, with lesions of the 
spinal cord in the thoracic or cervical segments, 
the expiratory effort would be more likely to be 
impaired than the inspiratory effort presuming 
that the abdominal muscles are the powerful ex- 
piratory muscles. Considering the two compo- 
nents of the vital capacity as the inspiratory ca- 
pacity and the expiratory reserve volume, and 
defining the expiratory reserve volume as the de- 
crease in lung volume caused by a forced expira- 
tion starting from the resting expiratory level, 
one would expect that with abdominal muscle 
paralysis the expiratory reserve volume would be 
decreased more than inspiratory capacity. The 
ratio of expiratory reserve volume to vital ca- 
pacity expressed as percentage is given in Table 
III with the probability of there being a significant 
difference between paraplegic and control groups. 
For the paraplegics with lumbar and _ thoracic 
spinal cord lesions there was no significant differ- 
ence between normals and paraplegics. With 
cervical lesions, however, the expiratory reserve 
volume percentage was reduced significantly to 
approximately one-half. 


Maximum breathing capacity 


In Table IV are given the values of maximum 
breathing capacity expressed as percentages of the 
standard predicted values. These standards are 
those of Motley (12) and Baldwin, Cournand, and 
Richards (11). The maximum breathing capacity 
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of the control group of normal individuals was de- 
termined and a regression formula derived as a 
function of age. This formula is: 


Maximum breathing capacity/square meter of 
body surface = 92.9 — 0.654 x age + 13.6 
(liters, 37° C., ambient pressure saturated 
with water vapor). 


The percentage of the maximum breathing ca- 
pacity predicted by this formula is given in Table 
IV. The probability of a significant difference 
from the predicted, with p < 0.01, is indicated by 
S (see vital capacity). For Group I (lumbar 
lesion) the maximum breathing capacity did not 
differ significantly from the normal predicted val- 
ues of the Baldwin formula or our control group. 
However, compared with the Motley formula 
(which has higher values than the Baldwin or 
our control group) the Group I paraplegics were 
For Groups II and III the 
maximum breathing capacity values are all sig- 
nificantly lower than predicted. 


significantly lower. 


TABLE IV 


Maximum breathing capacity as percentage of standard 
predicted values and predicted values 
from control group 











p* 
Group I—21 

Lumbar lesion 
Motley standardt 84.4 + 25.3 S 
Baldwin standardt 94.5 + 28.6 NS 
Control group§ 96.7 + 28.6 NS 

Group II—16 

Thoracic lesion 
Motley standard 61.0 + 15.6 S 
Baldwin standard 70.4 + 17.8 S 
Control group 71.1 + 15.6 S 

Group III—24 

Cervical lesion 
Motley standard 48.6 + 15.4 S 
Baldwin standard 56.3 + 17.4 S 
Control group 56.9 + 17.4 S 





*S, significant difference; NS, no significance. 

+ Motley standard: Maximum breathing capacity per 
M.? equals 97 minus age/2 (12). 

t Baldwin standard: Maximum breathing capacity per 
M.? equals 86.5 minus 0.522 times age (liters B.T.P.S. 
per minute (11). 

§ Control group: Maximum breathing capacity per M.? 
equals 90.8 minus 0.68 times age. 
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Residual volume 


The residual volume in liters B.T.P.S. per square 
meter of body surface for the paraplegics com- 
pared with normal controls is shown in Figure 3. 
A linear regression formula for the normal con- 
trols was computed and found to be: 


Residual volume = 0.64 + 0.0073 x age + 0.16 
(liters per square meter body surface, 37° C., 
ambient pressure saturated with water vapor). 


The regression line corresponding to this formula 
is shown as the center line of Figure 3 with the 
limits of standard error of estimate forming the 
two outer lines. On the same figure individual 
values of residual volumes for the three groups of 
paraplegics are indicated by points. The majority 
of the paraplegics have residual volumes greater 
than normal as is obvious from the location of the 
points on the graph. That they are significantly 
greater is shown by computation of the mean of 
each group and the mean of a normal group of the 
same age. The means are shown in the small in- 
set table of Figure 3. 

The residual volume/total capacity ratio for 
patients and normal controls of the same age is 


RESIDUAL x GROUPI 0.91+0.16 1.2740.37 


° 
s 
VOLUME o GROUP 0.8840.16 1.3040.25 r4 pie 30) 


liters BTPS /M? 


244 
224 
2.0- 
1.84 . 
164 © ° 

44 
12 - 
104 
0.8- 
064 


z 
« 


e GROUPII 0.6640.16 1.22+0.06 


TABLE V 


Percentage ratio of residual volume/total capacity (RV/TC) 
for the three groups of paraplegics 











To 
Group I (lumbar lesion)—22 32.7 + 8.0 S 
Normal controls—17 26.3 + 3.5 
Group II (thoracic lesion) —16 36.0 + 9.2 S 
Normal controls—17 25.0 + 3.5 
Group III (cervical lesion)—24 41.3+ 6.1 S 
Normal controls—17 25.4 + 3.5 


* Significant difference. 


given in Table V. This ratio for the control group 
of 17 normal individuals was found to be: 


RV/TV x 100 = 19.50 + 0.201 x age + 3.50 
(per cent). 


For each of the three groups of patients the 
mean ratio for a group of normals for the same 
age was obtained using this formula. This mean 
ratio for each normal group is given in Table V, 
the mean values for each normal group being 
slightly different because of differences in the mean 
age of each group. The residual volume/total ca- 
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Fic. 3. VARIATION OF RESIDUAL VOLUME* PER SQUARE METER OF Bopy 
SuRFACE WITH AGE FoR NorRMAL CONTROLS AND THREE GROUPS OF 


PARAPLEGICS 


The center line is the linear regression line of the controls and the two 
outer lines are the limits of the standard error of estimate. Residual vol- 
ume is expressed as liters at 37° C., ambient pressure, saturated water vapor. 
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TABLE VI 
Arterial blood gases and pH for the three groups 
of paraplegics * 








I II III 
Lumbar Thoracic Cervical 
Oz content x 17.6 i7.2 kB 
o 1.5 1.3 12 
O. capacity x 18.8 18.3 18.6 
o 1.7 1.7 0.9 
Per cent saturation of x 94.4 95.4 95.8 
hemoglobin o 3.0 2.4 1.1 
CO, content x 48.3 49.3 48.3 
o 3.6 4.5 2.5 
pH x 7.40 7.42 7.38 
o 0.07 0.09 0.08 





* Oxygen content, oxygen capacity and carbon dioxide 
content are given as ml. of each gas STPD (0° C., 760 mm. 
pressure, dry) in 100 ml. of whole blood. x is the mean 
value and o the standard deviation. 


pacity ratio is significantly greater than normal 
controls of the same age as is shown in Table V. 
The higher the lesion the greater is this ratio. 
The total capacity is the sum of vital capacity and 
residual volume. 


Blood gases 


The arterial blood oxygen and carbon dioxide, 
as well as arterial pH, are shown in Table VI. 
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Values given are the means and standard devia- 
tions for each group. These values are normal. 


Exercise test 


In Table VII are given the data for the five 
minute weight lifting exercise test. The data in 
rows opposite “rest” are those collected in a five 
minute preexercise resting period. The post- 
exercise period immediately following the exercise 
period lasted five minutes. The values in the 
table are the means (X) and the standard devia- 
tions (o) for the individuals of each group. With 
this “mild” exercise the oxygen consumption rate 
(Vo.) in ml., 0° C., 760 mm. Hg pressure, dry, 
per square meter of body surface per minute and 
the ventilation rate (V_) in liters, 37° C., ambient 
pressure, saturated with water vapor per square 
meter of body surface per minute, approximately 
doubled. As is characteristic of exercise, there 
was a slight rise in respiratory quotient and in 
ventilation coefficient (Vo./Vr). 


Respiratory dead space 


The respiratory physiological dead space values 
as determined by the Bohr formula (9) and using 


TABLE VII 


Ventilation data of normal controls and three groups of paraplegics for a five minute weight lifting exercise test * 

















Normal 
N 
15 
Number x r= o 
O2 consumption rate (OCR) Rest 124 18 


ml. STPD/min. M?2 Ex 251 40 
Post Ex 141 19 


CO, production rate (CPR) Rest 95 11 
ml. STPD/min. M2? Ex 210 37 
Post Ex 120 16 
Respiratory quotient Rest 77 5 
Ex 84 5 
Post Ex 85 5 
Ventilation rate (VE) Rest 3.12 0.42 
BTPS/min. M2 Ex 6.17 0.80 
Post Ex 3.85 0.35 
OCR/VeE Rest 39.8 3.5 
x 40.9 5.8 
Post Ex 37.0 4.9 
O: debt 214 13 





Cervical 


Lumbar Thoracic 


Group I Group II Group III 
15 11 14 


x o x o x o 





121 14 124 14 132 22 
259 32 274 27 211 36 
153 26 155 13 145 32 
92 13 98 11 108 20 
200 25 227 21 180 31 
131 25 130 16 146 30 
76 9 79 7 82 5 
77 8 83 6 85 9 
85 11 83 10 83 6 
3.67 0.17 3.50 0.64 3.81 0.80 
6.35 0.73 6.94 0.32 5.99 0.98 
4.88 0.96 4.46 0.55 4.30 0.75 
33.4 3.4 35.3 5.9 34.7 4.2 
41.0 4.5 40.1 4.5 36.7 6.7 
31.5 4.4 34.3 3.4 33.8 5.0 
198 20 148 64 108 60 





_ “Each test was divided into three successive periods including a five minute preexercise (resting) period, the five 
minute exercise period, and a five minute postexercise period. 
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TABLE VIII 


Respiratory dead space (Vp) (in ml. per square meter of body surface) and the dead space/tidal volume ratio 
Vp/Vr) expressed as percentage * 








Before exercise 


During exercise After exercise 











Vp Vo/Vr Vp Vo/Vr Vb Vo/Vr 

(ml.) (%) (ml.) (%) (ml.) (%) 

Normal group xX 87.9 31.6 110.0 23.3 87.7 24.8 
eo a 9.2 3.1 25.8 75 17.3 5.9 
Group I x 93.9 31.8 121.8 24.1 96.1 26.2 
(N = 15) o 17122 5.5 26.9 5.9 25:3 5.9 
Group II x 98.8 29.5 94.1 17.2 97.1 27.2 
o 20.7 pe? 20.3 4.8 16.2 4.8 

Group III x 100.1 28.4 86.4 AA 94.8 25.9 
5.9 16.8 6.5 26.0 7.4 


o 21.5 








* x is the average for the group and a is the standard deviation. N is the number of individuals in the group. 


carbon dioxide analyses of end-tidal (alveolar) 
air and expired air are given in Table VIII with 
values of the dead space/tidal volume ratio. For 
the normal control group and the patients with 
lumbar spinal transections the dead space volume 
increased with exercise and the dead space per- 
centage of the tidal volume decreased, a finding in 
agreement with previous investigators (9). How- 
ever, for the patients with thoracic lesions (Group 
II) the dead space decreased slightly (but insig- 
nificantly) with exercise, while for patients with 
cervical lesions the dead space fell more. If a 
statistical comparison is made of the dead space 
change with exercise and Group I, or the normal 
control group, compared with the Group III 
(cervical lesion), a statistically significant differ- 
ence between the two groups (p < 0.001) exists. 


DISCUSSION 


In the management of paraplegics, respiratory 
dysfunction is not as serious a clinical problem as 
bowel and bladder regulation, decubitus ulcers and 
urinary infection. In tetraplegics, respiratory dys- 
function occurs early in the post-traumatic phase 
when a tracheostomy may be needed and later if an 
intercurrent upper respiratory infection develops. 
With an upper respiratory infection, difficulty is 
experienced by the patient due to failure of active 
expectoration. Removal of tracheobronchial se- 
cretions can be aided if necessary by postural drain- 
age, splinting of the abdomen and liquefaction of 
bronchial secreta with expectorants. Usually, 





however, for routine activity of the tetraplegic the 
existing, but impaired, cough mechanism with 
tracheobronchial ciliary function is adequate. 

It is evident from the data on vital capacity, 
maximum breathing capacity, exercise ventilation 
and blood gases that the ventilation of the para- 
plegics with lumbar lesions is essentially normal. 
This is readily explainable since the muscular 
paralysis of these patients is limited to that of the 
lower extremities and pelvic floor while the re- 
spiratory musculature is functioning normally. 
The patients of Group III with lower cervical le- 
sions have paralysis of abdominal and intercostal 
muscles, and the sole remaining effective respira- 
tory muscle is the diaphragm. In spite of this ex- 
tensive respiratory muscle paralysis, the entire 
ventilation as performed by this one remaining 
functional muscle is surprisingly effective. Ap- 
proximately, for this group, the vital capacity is 
two-thirds of normal and the maximum breathing 
capacity one-half of normal. 

The expiratory reserve volume is the decrease 
in volume of the lung caused by a forced expiration 
commencing from the resting expiratory level. 
For this forced expiration the expiratory muscles 
are active participants. Since with thoracic spinal 
cord lesions part of the expiratory muscles are 
paralyzed, and with cervical lesions all are para- 
lyzed, it is to be expected that the expiratory re- 
serve volume would be decreased. It was found 
that with the normal control group and Group I 
(lumbar lesion) and II (thoracic lesion) the ex- 
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piratory reserve volume percentage of the vital 
capacity was approximately the same, .¢., approxi- 
mately 17 to 19 per cent. With Group III (cervi- 
cal lesions) the expiratory reserve volume was 
approximately 9 per cent of the vital capacity, a 
reduction from the normal value of approximately 
one-half. The surprising finding is that these pa- 
tients with no functional expiratory muscles can 
exhale forcibly this much air from the resting ex- 
piratory level. The reason for this forcible ex- 
halation is not readily apparent. Possibly the 
shoulder girdle muscles participate in exhalation 
more than is generally believed. Another ex- 
planation is that the residual volume of these pa- 
tients is increased approximately 500 ml., as is 
shown in Figure 3, which would indicate that 
they are breathing from a more inspiratory chest 
position than normal. The term resting expira- 
tory position of the chest, although it implies min- 
imal or no diaphragmatic muscle tonus, does not 
necessarily mean that such tonus is absent. The 
work of Culver and Rahn (13) and the earlier 
work on pressure breathing (14) have provided 
evidence that at the resting expiratory level there 
may be partial contraction of the respiratory mus- 
culature, and it is possible that in the abnormal 
condition of respiratory muscle paralysis where 
the diaphragm is the only muscle of respiration, 
an increased diaphragmatic tone can occur at the 
resting expiratory level. This would permit an 
expiratory volume of air to be exhaled from the 
resting expiratory level simply by relaxation of 
diaphragmatic tonus. Although this might ex- 
plain the unanticipated high value of the expira- 
tory reserve volume, it does not explain why the 
residual volume is elevated. The residual volume 
was found to be elevated in all of the three groups 
of paraplegics and did not seem to be dependent 
on the extent of respiratory muscle paralysis. The 
only paralysis common to the three groups was 
paralysis of the lower limbs and pelvic floor mus- 
cles. In addition all the patients led a sedentary 
or supine type of living while the controls were 
actively working. These differences do not af- 
ford a simple explanation for the increased residual 
volume. One explanation which is proposed re- 
servedly is that the pelvic floor muscles support 
the abdominal viscera. Paralysis of these muscles 
withdraws some support from the abdominal vis- 
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cera causing the diaphragm to descend to increase 
residual volume. If this occurs, it imparts to the 
pelvic floor more of a supporting role for the 
viscera than is generally believed to occur. 

The values observed for blood gases and ven- 
tilation studies during exercise were essentially 
the same for the patients as the controls. These 
observations indicate that the extensive paralysis 
of respiratory muscles causes no serious inter- 
ference with blood gas exchange in the lung and 
that a mild exercise (equal to approximately two 
and a half times the resting oxygen consumption 
rate) can be performed without ventilatory diffi- 
culty. The fact that oxygen consumption rate 
of the paraplegics being essentially the same as 
the controls suggests that widespread denervation 
of the skeletal muscle does not reduce oxygen de- 
mand of the tissues. This is an observation of 
theoretical interest in the control of metabolism 
and the needs for homothermy. 

In the response to mild exercise a normal indi- 
vidual increases his ventilation more by deep 
breathing than by increased respiratory rate. As- 
sociated with this increased tidal volume the re- 
spiratory physiological dead space as measured by 
the CO, method and using the Bohr formula is 
increased while the dead space/tidal volume frac- 
tion is reduced (9). This response with values 
which were similar to those in the literature were 
found for the individuals of the normal control 
group and those of Group I (lumbar lesions). 
With Group II (thoracic lesions) the mean re- 
spiratory dead space for the group fell slightly, the 
decrease being of questionable significance. With 
Group III, however, the respiratory dead space 
was reduced considerably more with exercise, the 
mean value decreasing from 100.1 to 86.4 (ml., 
37° C., ambient pressure, saturated with water 
vapor per square meter of body surface). If a 
statistical comparison of the changes in dead space 
before and during exercise is made for Group I 
(or the normal control group) and Group III 
(cervical lesions) a significant difference (p < 
0.001) for the dead space change of the two groups 
is found. The reason for this reduction in dead 
space with exercise for the Group III paraplegics 
is not clear. Some individuals of this group 
breathed irregularly and erratically during exer- 
cise. This group, more than the others, during 
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exercise increased their respiratory rate and their 
tidal volume increase was less. This irregular 
breathing increased the difficulty of sampling end- 
tidal air. However, large errors in this sampling 
probably did not occur since the following end-tidal 
mean values of CO, (dry, volumes per cent) be- 
fore (B) and during (D) exercise were obtained : 
controls, (B) 5.39, (D) 5.43; Group III, (B) 
4.75, (D) 4.75. The problem of measuring re- 
spiratory dead space by the CO, method is one on 
which some of the most heated controversies of 
exercise physiology have been waged and many of 
the problems are still unsettled (9). It is con- 
cluded from the observations here reported that 
with diaphragmatic breathing of cervical para- 
plegics, physiological dead space does not increase 
This might be 
due to the fact that diaphragmatic breathing moves 
the lower parts of the lung adjacent to the dia- 
phragm while the upper part of the lung contain- 


but may decrease with exercise. 


ing the large airways, and hence the dead space, 
remains relatively immobile. 


SUMMARY 


Pulmonary function studies have been made on a 
group of 63 paraplegic patients with complete spi- 
nal transections and a group of 17 normal controls. 
The patients were divided into three groups: 1) 
those with lumbar spinal lesions who had paralysis 
of the lower limbs and pelvic floor but no paralysis 
of the muscles of breathing ; 2) those with thoracic 
spinal lesions with paralysis of the lumbar muscles 
and lower intercostals; and 3) those with lower 
cervical spinal lesions with paralysis of all muscles 
of breathing except the diaphragm and the acces- 
sory muscles of respiration. Measurements were 
made of vital capacity and components, residual 
volume, maximum breathing capacity, arterial 
blood gases and pH, and ventilation during exer- 
cise. It was found that the vital capacity and max- 
imum breathing capacity of patients with lumbar 
lesions were normal, while the group with lower 
cervical lesions had a vital capacity approximately 
two-thirds of normal and a maximum breathing 
capacity of one-half of normal. Paraplegics with 
thoracic lesions had vital capacities and maximum 
breathing capacities between the values for the 
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cervical and lumbar lesions groups. The resting 
expiratory reserve volume expressed as a percent- 
age of the vital capacity was below the normal 
percentage only for the group of paraplegics with 
cervical lesions. For this group the percentage 
value was one-half normal, which is higher than 
was anticipated for patients with only inspiratory 
muscle function. Residual volumes of all groups 
were significantly higher than the normal group. 
Arterial blood gases of all groups were normal and 
the ventilatory response to exercise for all groups 


of paraplegics did not differ from normal. 
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